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The  research  presenCeO  here  is  of  methods  used  to  coat 
silicone  with  a bioactive  glass  powder  (BioglasaSl  and  the 
in  vitro  tasting  of  those  coatings.  The  bioactivity  of 
these  coatings  was  measured  using  scanning  electron 
microscopy,  inductively  coupled  plasma  spectroscopy,  and 
Fourier  transform  infrared  spectroscopy.  It  was  observed 
that  hydroxyapatite,  a boneiibe  apatite,  waa  formed  in  vitro 
on  both  the  bioactive  glass  particles  and  Che  silicone 
surface  between  these  particles.  Prom  these  results  a new 
theory  was  developed  that  related  the  distance  between 
particles  on  a surface  with  the  formation  of  an  apatite 
layer.  A critical  distance  between  particles  for  the 
formation  of  an  apatite  layer  on  the  subatraCe  exists.  This 
critical  distance  is  a function  of  both  the  particle  site 
and  composition.  In  addition,  a method  to  coat  silicone 
catheters  with  bioactive  glass  powder  is  also  discussed. 

This  coated  catheter  could  ultimately  be  used  for 
improved  percutaneous  access  in  peritoneal  dialysis.  The 
one  barrier  to  greater  peritoneal  dialysis  use  and  the 
reason  many  patients  switch  from  peritoneal  to  hemodialysis 
is  recurrent  exit-site  infections  and  subsequent 
peritonitis.  These  infections  are  caused  by  the  lack  of  a 
tight  seal  and  downgrowth  of  epidermal  tissue  around  the 
catheter  at  the  catheter-skin  interface. 


CHAPTER  1 
INTRODUCTION 


The  design  of  a percutaneous,  through  Che  skin,  access 
device  is  one  of  the  most  challenging  problems  that  faces 
the  medical  cotomunity  today.  The  epidermis  by  its  very 

extrude  or  wall-off  any  foreign  objects  that  penetrate  it. 
Current  medical  devices  that  provide  long-Cersi  percutaneous 
access  for  peritoneal  dialysis,  consist  of  catheters  with 
fabric  cuffs  that  are  placed  subcutaneous  to  anchor  the 
device  with  scar  tissue.  The  subcutaneous  scar  tissue  forma 
early  in  the  healing  process  and  provides  an  anchor  for  the 
device  at  the  exit-site.  During  a longer  term,  Che 
epithelial  tissue  tunnels  down  around  Che  catheter  until  it 
reaches  the  cuff  site.  This  downgrowth  provides  access  to 
bacteria  and  ocher  pathogens  that  cause  infection. 

Despite  the  use  of  cuffs  to  limit  the  slnua  tract 
length,  no  catheter  in  use  today  can  provide  "significant 
prevention  of  exit-site/tunnel  infections"  (Luz91,  p.335)  in 
peritoneal  dialysis.  The  reduction  of  exit-site  infections 
is  considered  an  integral  part  of  peritoneal  dialysis 


advancenent  (Twa94,  Pdl95,  Aah94  and  USR96c) . The  healing 
pattern  that  forms  around  these  devices,  epltheXial 
downgrowth,  lacks  soft  tissue  adhesion  and  the  epithelium  is 
observed  to  stop  when  it  contacts  the  healthy  collagenous 
tissue  at  the  Dacron  cuff(Twa92  and  Win74). 

Bioactive  glasses  have  shown  excellent  soft  tissue 
healing  and  adhesion  (Wil90  and  Hen93a| . This  adhesion  is 
attributed  to  the  direct  bonding  of  collagen  fibers  to  the 
glass  surface  during  hydroxyapatite  formation  (HilSl,  Ito67, 
and  Hen84).  This  apatite  layer  formed  on  the  bioactive 
glass  surface  is  the  same  phase  as  biological  or  bone-like 
apatite  formed  in  tissue (Hen93a) . While  this  study  has 
mainly  used  Bioglass*  powders,  the  applications  are  general 
and  should  work  for  most  any  bloaetive  glass  or  glass- 
ceramic  powder. 

HfPOTHCSIS:  Coating  silicone  devices  with  a bloaetive 
glass  will  allow  for  improved  soft  tissue  adhesion  without 

the  epithelial  downgrowth,  and  create  a better  seal  that 
prevents  bacterial  access  and  infection. 


CHAPTER  2 

BACKGROUKO  AMD  REVIEH  OF  LITERATURE 
2.1  Percutaneous  Devices 

One  of  the  most  common  percutaneous  devices  used  today 
Is  the  peritoneal  dialysis  (PD|  catheter.  This  long-term 
indwelling  catheter  provides  access  to  the  peritoneal  cavity 
for  the  exchange  of  dialysis  fluids  that  clear  the  cavity  of 
waste  products  (see  Figure  2-1) . The  basic  design  and 
complications  that  exist  with  this  device  are  shared  with 
most  other  percutaneous-access  devices  and  therefore  this 
bac)(ground  will  center  on  the  design  and  complications 
associated  with  these  types  of  catheters. 

2.1.1  Basic  Design 

A peritoneal  dialysis  catheter  consists  of  a tube, 
usually  made  of  silicone,  chat  provides  access  through  the 
skin  to  the  peritoneal  cavity.  The  intraperltoneal  end  of 
the  catheter  has  multiple  perforations  and  can  be  either 
straight,  curled  or  disk  shaped.  The  Intramural  potion  of 
the  catheter  can  also  be 


either  straight  or  coiled  (Honc94). 


The  catheter  may  have  either  one  or  two  Dacronfl 
(registered  trademark  Dupont,  Wilmington,  DEI  fabric  cuffs 
attached.  The  purpose  of  the  cuffs  is  to  stabilite  the 
catheter  by  fibrous  tissue  Ingrowth (Tua94) . The  passageway 
formed  by  the  catheter  through  the  abdominal  wall  is  defined 
as  the  tunnel.  The  number  and  position  of  the  cuffs  used 
determines  what  type  of  tunnel  is  formed  (see  Figure  2-2), 


A 3ingl«  deep  cuff  uould  produce  a long  sinus  tract  of 
tissue  and  be  prone  to  exit-site  infections.  A Single 
subcutaneous  cuff  would  produce  a long  Peritoneal  Recess  and 
be  prone  to  pseudohecniae.  The  use  of  a catheter  with  two 

sinus  tract,  short  peritoneal  recess,  and  a sheath  of 
fibrous  sear  tissue  covering  the  catheter  segment  between 
the  two  cuffs(Twa94| . Authors  have  suggested  that  this 
double-cuff  design  is  better  at  preventing  infection,  but 
thus  far  there  have  been  no  clinical  studies  that  have 
resolved  this  issue  (LuaSl).  other  authors  have  concluded 
that  the  tissue  ingrowth  of  the  catheter's  cuff  is  the 
reason  for  their  failure  of  the  devices  (VonS4  and  PagSSal . 
Despite  these  ambiguities  the  majority  of  catheters  used 
today  consist  of  a double  cuff  design. 


During  healing  of  a properly  placed  catheter,  a blood 
clot  first  forms  and  fills  ths  Dacron*  cuff.  This  clot  is 
slowly  replaced  by  macrophagee,  fibroblasts  and  new 
capillaries.  Macrophages  surround  the  individual  cuff 
fibers  and  collagen  forms  around  them.  After  6 weeks 
healing,  a strong  fibrous  tissue  is  formed  throughout  the 
cuff  (Tws94).  Healing  of  the  sinus  tract  begins  with 


epidermal  cells  spreading 


cells  continue  to  spread  until  they  encounter  epithelial 
cells  fcon  tne  opposite  aide  or  dense  healthy  collagen 
fibers  |Hin74,  Hal7S,  and  KanSO).  Tnis  epithelial 
downgrowth  is  believed  to  be  stopped  by  the  dense  fibrous 
tissue  present  in  the  Dacron®  cu££{Twa38  and  AshPO).  The 
theory  that  dense  collagen  fibers  inhibit  epithelial 
downgrowth  was  first  described  by  Winter  (Wln74),  and  has 
led  to  development  of  percutaneous  devices  that  encouraged 
large  amounts  of  fibrous  ingrowth  (KanBO,  Dal84,  and  Jan94). 
Other  researchers  have  made  devices  of  silicone  that  are 
coated  with  a dense  fibrous  collagen  (Suh94  and  Oka95). 
Implanted  percutaneously  in  rabbits  these  collagen 
Immobilited  implants  show  reduced  bacterial  infection  at  the 
exit-site  (Oka95) . 

2.1.3  Peritonitis 

Many  PD  infections  occurring  early  in  the  history  of 
their  usage,  were  caused  either  by  poor  catheter  placement 
or  lack  of  aseptic  technique  by  patients  during  fluid 
changes.  By  positioning  the  catheter’s  tunnel  in  a downward 
direction  at  the  exit  site;  sweat,  dirt  and  pus  can  drain 
down,  out  and  away  from  the  exit-site.  Training  the  patient 
in  proper  aseptic  technique  and  the  use  of  improved  "quick- 
connect"  ports  has  reduced  the  number  of  patient-related 
infections-  These  improvements  have  been  associated  with  a 


infection 


rate  from  I per  patient  inonth  t 
0.1  per  patient  year(6olc94  and  Gup96) . Bet,  despite  these 
improvements  exit-site  end  tunnel  Infections  are  still  a 
serious  complication  and  are  the  major  cause  of  catheter 
removal  and  mortality (Kea94,  Vas94  and  Paq96b) . The  numbe 
of  patients  switching  from  FD  to  hemodialysis  parallels  th 
catheter-loss  rate  (Suh95) . Studies  indicate  that  49V  of 
children  on  FD  switch  to  hemodialysis  because  of  e 
t catheter-related  infections  (Maj97] . 


Exit-site/tunnel  infections  are  a serious  complication 
to  peritoneal  dialysis  and  most  authors  conclude  that  they 
Infrequently  resolve  without  catheter  removal  (Qup9€  and 
Ha}97} . Recent  studies  have  suggested  that  only  the 
subcutaneous  cuff  need  be  removed  (Che95  and  Suh95}.  In  the 
later  etudy.  the  authors  concluded  that  removal  of  the 
catheter's  cuff  in  patients  with  persistent  exit-site/tunnel 
infections  can  significantly  reduce  the  rate  of  catheter 
loss  associated  with  those  infections  (Suh95).  These 
results  suggested  that  the  cuff,  once  Infected,  may  become  a 
depot  for  recurrent  infections.  Despite  these 
complications,  the  benefits  of  cost,  greater  freedom  and 
quality  of  life  have  resulted  in  a continued  increase  in  the 
use  of  PD,  at  twice  the  rate  of  hemodialyais  (Gok94). 


2.1.4  GrOMth  of  Parltonaal  Dialvai^ 


The  growth  of  peritoneal  dialysis  has  been  dramatic 
over  the  21  years  of  its  existence.  The  increase  has  been 
from  leas  than  5.000  patients  worldwide  in  1915  to  more  than 
85,000  in  1995  (Nls95  and  USR96al . The  reasons  for  this 
rapid  growth  are  the  decrease  in  complication  rates.  Che 
improved  quality  of  life  and  increased  freedom  chat  PD 
offers  a patient.  The  usage  of  PD  varies  widely  for 
different  countries  and  may  be  a factor  of  the  reduced  cost 
associated  with  PD.  Third  world  countries  have  a very  high 
percentage  of  their  dialysis  patients  on  PD,  some  have 
higher  than  75%  on  PD  {USP96a).  One  study  concluded  that 
home-based  PO  had  a much  lower  cost  associated  with  it 
compared  to  hospital-based  hemodialysis  (Coy96) . The  study 
found  that  hemodialysis  had  much  higher  physicians'  fees, 
treatment  cost  and  overhead  costs  than  PD.  The  total  annual 
costs,  In  Canadian  dollars,  of  a typical  PD  treatment  was 
547,569  compared  to  a typical  hemodialysis  treatment  cost  of 
576,023  (Coy96  and  USR96b) . 

It  has  been  concluded  that  the  problem  of  infection 
remains  the  major  barrier  to  greater  PD  usage  (Luz91,  6olt93, 
Ash94  and  Twa94) . This  need  for  improved  percutaneous 
access  has  encouraged  research  efforts  into  both  coatings 


and  design  changes,  fercucaneous  implants  have  been  tested 
that  are  anchored  to  either  the  eraniura  or  tibia  of  animals 
IJan90a  and  JandOb) . The  authora  concluded  that 
stabilization  of  a percutaneous  implant  was  a requirement 
for  a successful  percutaneous  passage.  Realizing  chat  there 
are  many  percutaneous  access  situations  which  can  not  be 


anchored  to  bone,  this  group 


consisting  of  a 3 cm  by  4 cm  sintered  titanium  fiber  mesh 
implanted  subcutaneously  and  then  attached  to  a Teflon 
percutaneous  component  (Jan91  and  Jan$4).  Fibrous  tissue 
ingrowth  of  the  titanium  mesh  was  intended  to  stabilize  the 
implant.  Early  results  with  this  implant  showed  that  failure 
by  tearing  of  the  fiber  mesh  occurred  in  30%  of  the  animals 
at  4 months  {Jan9D . In  addition,  epidermal  downgrowth 
occurred  along  the  Teflon  component.  Reinforcement  of  the 
titanium  mesh  at  the  attachment  site  reduced  mesh  failures 
Co  10%,  but  significant  epidermal  downgrowth  with  sinus 
formation  still  occurred  (Jan94). 


The  use  of  metal  antimicrobial  coatinga,  such  as 
silver,  has  also  been  the  subject  of  research  efforts.  Bard 
Access  Systems  (Salt  Lake  City,  UT)  currently  manufactures 
an  antimicrobial  cuff  (VitaCuff*)  that  is  made  of  silver 
impregnated  collagen.  The  porous  collagen  absorbs  while 
implanted  allowing  for  tissue  ingrowth.  Silver  iona 


leaching  from  the  cuff  provide  antimicrobial  activity. 
Clinical  study  of  the  effectiveness  of  vitaCuff*  used  with 
central  venous  catheters  concluded  that  cathecer-related 
sepsis  did  not  differ  in  frequency  between  these  catheters 
and  the  control  catheters  (Smi95).  The  antimicrobial 
activity  occurs  during  the  first  4 to  6 weeks (Bar94) . The 
Spire  Corporation  (Bedford,  HA)  has  recently  patented  ion- 
beam  deposition  of  silver  as  an  antimicrobial  coating  on 
catheter  surfaces.  This  coating  is  limited  to  only  a few 
microns  of  the  outer  catheter  surface  and  is  currently  being 
studied  in  vivo  and  in  preliminary  clinical  trials (Slo94) . 
The  use  of  antibiotic  coatings  are  a suggested  supplement  to 
patient  aseptic  cleaning  of  the  catheter  site  during  early 
healing(She93  and  Orr93),  It  is  unclear  how  effective  these 
antibiotic  coated  devices  will  be  over  the  long-term. 

One  experimental  device  that  has  successfully  reduced 
the  amount  of  epideroial  downgrowth  in  percutaneous 
implantation  is  made  of  sintered  hydroxyapatite  (HAP) . HAP, 
Caj(P0.l40)l,  a calcium  phosphate  mineral,  is  a major 
component  of  bone.  This  material  has  been  used  lo  medicine 
and  dentistry  for  more  than  20  years  (Hen91) . A eonparative 
study  between  percutaneous  devices  made  of  HAP  and  silicone 
showed  that  the  silicone  devices  had  epidermal  downgrowth 
that  reached  the  bottom  of  the  implant  and  a high  rate  of 


implant  after  only  3 


infection  and  extrusion  of  the 
HAP  devices  revealed  limited  epidermal  doungroirth  12  1 mm) 

St  7 months  and  a mild  infection  at  17  months  (Ako87).  in 
an  additional  animal  ?D  study,  dogs  survived  for  432  days  on 
PD  using  an  HAP  percutaneous-aecesa  device/catheter  without 
exit-site  infection  (YoaSl).  The  authors  of  this  later 
study  observed  a "tight  and  sterile  seal  between  the  HAP 
device  and  skin  tissue"  (TosSl,  p.  297  and  Yos92,  p.  219), 
The  suggestion  that  bioaotive  ceramics,  lilce  HAP,  could  be 
used  to  provide  improved  PD  access  has  been  made  in  recent 
review  articles  (Hen91  and  eok93) . 


Bioceramlcs  may  be  characterized  in  one  of  three 
groups:  nearly  inert,  surface-active,  and  resorbable 
(Hen82).  Inert  bloceramics  undergo  almost  no  chemical 
change  during  implantation.  Tissue  response  to  these 
materials,  much  like  chat  observed  to  silicone,  is  the 
formation  of  a fibrous  scar  capsule  around  the  implant. 
Examples  of  inert  bloceramics  are  alumina  and  carbon. 
Resorbable  bloceramics,  like  calcium  sulfate,  degrade 
gradually  while  implanted  in  the  body  and  are  slowly 
replaced  by  the  surrounding  tissue.  The  formation  of  a bond 


macetial  surface 


intended  functions  of  < 

1 surface-active  bioceramic.  This 

bond  is  the  result  of  « 

1 apeclfic  biological  responee  at  the 

tissue- implant  interface. 

In  1969  it  was  discovered  by  Heneh  and  colleagues 
bone  could  bond  to  certain  glass  compositions  IHsnll). 
this  group  of  bioactive  glasses,  called  Bloglass*,  are 


composed  of  SiOj,  Na,0, 

CaO  and  PjOj.  Later  work  by  Hilson 

and  Bench  indicated  tha 

it  the  moat  reactive  glass 

compositions/  42  to  52  molt  SiO;,  could  develop  an  adherent 
bond  to  soft  tissue (Hil90) . Bioglass*  45s5  is  the  most 


studied  composition  and 

. contains  45»  SIO,,  24. 5t  Ha,0, 
ill  in  weight%  (Bloglass*  is  a 

registered  trademark  of 

the  University  of  Florida!. 

The  basis  of  the  bonding  of  bloactive  glasses  to  tissue 
is  a chemical  reaction  at  the  glass  surface  that  results  in 
the  formation  of  an  hydroaycarbonate  apatite  (HCA)  layer  in 
body  fluids.  Three  reactions  occur  on  the  glass  surface 
when  exposed  to  an  aqueous  solution:  leaching,  dissolution, 
and  precipitation.  These  reactions  have  been  extensively 
studied  by  researchers  and  are  summarized  by  S reactions 


stages  shown  in  Table  2 

-1  (Hen93a).  During  tne  leaching 

reaction  (stage  1),  an  . 

ion  exchange  with  H'  or  HjO*,  in 

15 

is  extremely  slow  Cor  compositions  of  >60%  SIO3.  Steges  1 
end  2 are  reactions  chat  occur  simultaneously  at  the  glass- 
water  interface  (Ada84).  The  resulting  silanols  on  the 
surface  of  the  glass  react  by  polycondensation  to  form  a 
silica-rich  gel  layer  (Stage  3).  In  Stage  4,  a 
precipitation  reaction  Cakes  place,  calcium  end  phosphate 
ions  migrate  to  Che  surface  of  the  glass  and  along  with 
chose  in  solution  form  an  amorphous  calcium-phosphate  layer 
(CaPl  on  and  within  the  silica-rich  gel.  This  CaP  layer 
crystallizes  Co  hydroxycarbonate  apatite  (HCA)  by 
incorporating  CO,'"  anions  and  water  from  solution. 

The  reactions  that  occur  during  these  5 stages  can  be 
monitored  by  using  Fourier  transform  infrared  reflection 
(FTIR)  spectroscopy.  PTIR  analysis  reveals  the  types  and 
amount  of  molecular  bonds  that  are  present  at  the  glass 
surface.  Several  review  papers  have  summarized  the  use  of 
FTIR  analyais  to  monitor  these  changes  on  bioaciive  glass 
surfaces  (KimB9,  Cla90,  KokSOb  and  Hen91|.  Due  to  the 
scattering  induced  by  the  uneven  texture  of  the  HCA  surface 
layer  formed,  diffuse  infrared  reflectance,  rather  than 
specular  reflectance,  is  used  to  analyze  these  glasses 
(Hen93a) . An  example  of  FTIR  analysis  of  Bioglass^  disks 


Tris  buffer 


shown  In  Figure  2-3.  The  amorphous  Cap  and  silica-gel  layer 

The  iciolecular  bond  vibrations  that  are  of  interest  in 
the  analysis  of  bioaotive  glasses  are  Si-O-Sl  stretching  and 
bending  vibrations,  indicative  of  a silica-gel  layer;  and  P- 
0 stretching  and  bending  vibrations,  indicative  of  a calcium 
phosphate  layer.  Indicative  of  the  transfotmatton  of  HAP  to 
an  HCA  layer  on  the  surface,  these  P-0  banding  vibrations 
split  from  1 amorphous  bond  near  580  cm"'  to  3 crystalline 
bonds  at  610,  574  and  666  cm''.  The  infrared  frequencies 
and  band  assignments  of  these  molecular  bonds  have  been 
established  for  bioactive  glass  reactions  and  are  shown  in 
Table  2-2  (AndSO) . This  table  depicts  the  surface  changes 
on  45s5  Bioglass*  with  reaction  time  in  Iris  buffer. 

This  HCA  layer  formed  on  bioaotive  glasses  is  the  same 
phase  as  biological  apatite  formed  io  tissue  and  is 
necessary  for  the  formation  of  a bond  with  tissue  to  occur 
iHenP3a).  The  rate  of  its  formation  has  been  used  to 
evaluate  the  Bloaccivity  Index  (I»)  of  various  glasses 
(Hen93al . During  the  precipitation  reaction  collagen 
fibrils,  present  near  the  glass  surface,  ace  incorporated 
within  the  HCA  layer  and  result  in  a bonding  of  tissue  to 


glass  surface (Zho94 K 


Figure  2-3: 


3?*C 
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Table  2-2;  Infrared  frequencies  (cm'‘)  and  band 

aaaigninenta  for  «5s5  bloactlve  glass  (And90). 


-Soft  Tissue  Inceractions 


Same  of  the  evidence  of  eoft  tissue  bonding  Co 
Bloglass®  came  from  a coRipateClve  study  of  materials  used  in 
facial  augmentation  (H1166} . In  this  study  of  adult  dogs, 
Bioglass9  was  showo  to  bond  macroscopically  to  soft  tissue 
(overlying  nasal,  maxilla  and  chin  facial  tissues},  it  was 
so  firmly  bonded  that  the  tissue  had  to  "be  forcibly 
stripped"  (H1188,  p.  166)  from  the  sangslea  to  remove  it. 
Silicone  samples  at  these  same  sites  eroded  the  underlying 
bone  and  developed  a chin,  non-adherent  fibrous  capsule. 
Other  studies  have  confirmed  this  direct  soft  tissue 
adhesion  Un  tissue  of  rat  dorsal  aubcutaneous,  rat 
Intramuscular  and  canine  gingiva)  to  Bioglass*,  without  the 
formation  of  a fibroua  capsule  (WilBl,  ltoS7,  and  Hen84). 

In  all  of  these  studies,  evidence  of  direct  attachment  of 
collagen  fibrils  to  the  glass  surface  was  noted. 

Bioglass*  has  been  used  to  manufacture  commercially 
available  middle  ear  prosthetic  devices  for  the  treatment  of 
hearing  loss.  Theaa  devices  provide  a connection  between 
the  soft  connective  tissues  of  the  tympanic  membrane  and  the 
oval  window,  replacing  the  ossicles.  A major  mode  of 
failure  of  implants  made  of  other  materials  is  extrusion 
through  the  tympanic  membrane  (B1190).  Devices  made  of 
Bioglass*  bond  to  the  soft  tissue  of  the  tympanic  membrane. 


failure, 


alltnlnating  that  inode  of 
clinically  for  12  years  (Hlli|3b).  Another  clinical  success 
of  BioolassS  bonding  to  soft  tissue  is  with  endosseous  ridge 
maintenance  implants.  These  conical  devices  are  placed  in 
the  alveolar  ridge  after  tooth  extraction  to  maintain  ridge 
morphology  (Hil90) . These  implants  have  also  been 
clinically  used  for  several  years  and  have  been  shown  to 
bond  to  the  soft  connective  tissue  of  gingiva  by  collagen 
fibers  bonding  within  the  silica-gel/HCA  layer  on  the 
surface  of  the  implant  lWil93a  and  Wil93b) . 


Some  of  the  earliest  coating  applications  of  Bioglass* 
were  on  metal  femoral  implants.  These  coatings  were  either 
dip  coated  from  molten  glass,  flame-spray  coated  or  fired 
onto  the  metal  with  an  enamel  frit(Duc8S  and  Hen93bl . These 
techniques  use  very  high  temperatures  to  molt  the  glass  onto 
the  substrate,  produce  brittle  coatings  and  ate  not  suitable 
to  coat  polymer  substrates. 

The  precipitation  of  a bonelike  apatite  layer  on  a 
polymer  surface  is  not  a trivial  reaction.  Polymers  can 
have  highly  hydrophobic  surfaces  that  inherently  repel  the 
hydrophillic,  concentrated  calcium  phoaphate  solutions  that 
are  used  in  the  precipitation  of  HA  on  a surface,  experience 
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evenly  over  the  silicone  surface,  and  once  dried  onto  a 
silicone  substrate,  they  are  inherently  brittle  and  will 
flaice  off  after  repeated  bending  of  Che  elastomer. 

One  research  group  has  tried  modifying  the  surfaces  of 
polymer  substrates  by  adding  sulfonated  or  phosphvinyl- 
grouped  polymers  and  then  immersing  these  in  calcium 
phosphate  aqueous  solutions  (Dal88a,  Dal86b,  and  Dal91). 

The  presence  of  phosphate  groups  on  the  surface  of  the 
substrate  has  induced  the  precipitation  of  hydroxyapatite 
(Dal91|  and  the  sulfonated  surfaces  were  strong  adsorbents 
of  calcium  ions  (OalBBa).  Polymers  were  saturated  with 
calcium  prior  to  immersion  and  would  induce  the  formation  of 
crystals  of  calctum  carbonate  nonohydrate,  but  not 
hydroxyapatite  or  tricalcium  phosphate  (DalBBa). 

A method  detailing  the  precipitation  of  bonelike 
calcium  phosphate  and  hydroxyapatite  films  on  a variety  of 
substrates  has  been  introduced  (Abe90).  This  method 
involved  the  attachment  of  a substrate  in  a face-co-faee 
orientation  to  a bioactlve  glass  plate.  Alumina  spacers 
maintained  a constant  distance  of  O.S  mm  between  the 
substrate  and  glass  plate.  This  combination  was  immersed  in 
s simulated  body  fluid  (SBF)  tor  7 days,  separated,  gently 
washed  with  Ion-exchange  and  distilled  water,  and  dried. 
Be-immersion  of  the  substrate  In  a solution  containing  1.5 


times  the  Ion  concentrations  as  SBF  (1.5S8F)  for  an 
additional  7 days,  caused  the  formation  of  a continuous 
apatite  layer  (1  urn  chick)  on  the  surface  that  had  been 
facing  the  bioactive  glass.  Increasing  the  distance  between 
the  substrate  and  glass  during  the  first  inuDersion  reduced 
the  amount  of  apatite  formed  and  no  apatite  was  formed  at  a 
distance  greater  than  2 mm.  The  authors  concluded  that  the 
mechanism  of  apatite  coating  was  1)  silicate  ions  dissolving 
from  the  glass  and  adsorbing  on  the  substrate;  2)  apatite 
nucleation  on  the  edsorbed  silicate  ions;  and  3)  apatite 
nuclei  growth  on  the  substrate  by  using  Ions  from  the  SBF 
(Abe90) . Distinct  uncoated  areas  were  present  in  the 
location  of  where  the  alumina  spacers  had  been  during  the 

A refinement  of  the  technique  by  Che  same  group 
included  placing  the  substrate  on  a bed  of  bioactive  glass 
particles  during  the  first  immersion  in  SBF.  This  process 
was  described  as  a "Blomimetic  Method"  (TanS4,  p.  2805)  for 
forming  a bonelijie  apatite  layer.  The  authors  tasted  the 
adhesive  strength  of  a bonelilte  apatite  layer  grown  on  10 
different  types  of  polymer  substrates.  The  first  immersion, 
face  down  on  top  of  glass  particles,  was  in  SBF  for  6 days 
and  was  followed  by  a second  immersion,  without  glass 
particles,  in  the  1.5SBF  solution  for  an  additional  6 days. 


If  the  first  step  wss  oiDitted,  the  apatite  did  not  form 
during  the  second  treatment  (Tan94}.  Although  silicone  was 
included  as  one  of  the  polymers  to  he  tested,  data  on  the 
adhesive  strength  or  the  coating  process  was  omitted  from 
the  discussion  (all  other  polymers  were  included)  (Tan94). 

No  reason  for  this  omission  was  given  by  the  authors.  The 
polymers  which  showed  the  greatest  adhesive  strengths  were 
polyethylene  terephthalate  (PET)  and  polyarylether  sulfone 
(PESr)r  the  authors  attributed  this  strength  to  chemical 
bonding  between  the  apatite  layer  and  the  polymer's  ester 
and  sulfonyl  groups,  respectively  (Tan94) . The  proposed 
mechanism  of  apatite  coating  on  the  substrate  was  the  same 
as  discussed  in  the  previous  publication  (Abe90) , Small 
increases  in  the  adhesive  strength  could  be  made  for 
polymers  such  as  PET  and  polymethyl  methacrylate  if  the 
substrate  were  pretreated  in  1 N HCl  prior  to  the  first  step 
(Tan95) . This  pre-treatment  Increased  the  number  of  polar 
groups  on  the  surface  of  the  substrate  as  measured  by  X-ray 
photoelectron  spectroscopy  (XPS)  (Tan95).  These  polar 
groups  were  intended  to  Improve  the  bonding  of  apatite  to 
the  surface.  Although  the  use  of  bioactive  glass  powder 
eliminated  the  uncoated  areas  where  alumina  spacers  had  been 
in  Che  previous  study  (Abe90) , only  1 side  of  the  substrate 
was  coated  with  the  thin  (<  5 pm)  apatite  layer  (Tan94). 


One  technique  to  coat  the  entice  implant  is  a pulsed 
laser  deposition  discussed  in  a recent  study  (Zab94) . A thin 
amorphous  film  of  HAP  was  applied  to  the  surface  of  a 
silicone  tubing.  The  film  was  measured  between  0.5  to  1 pm 
in  thickness  and  could  be  applied  to  a selected  area  (Zab94 
and  Zab95).  The  coating  was  continuous,  except  for  cracks 
that  formed  when  Che  Cubing  waa  bent.  It  is  unclear  how  this 
cracked,  amorphous  and  extremely  chin  coating  will  react  in 
a percutaneous  application. 

? ; « attwirpr.  Sol-gel  Coating 

Several  unsuccessful  attempts  were  made  in  our  lab  to 
coat  silicone  witn  a layer  of  sol-gel  derived  bloactive 
glass.  A bioactive  glass  sol  was  made  by  mixing 
Tetra(ethokysilane)  (TEOSl,  Triethyl  phoaphate,  Calcium 
nitrate  pentahydrate.  Nitric  acid,  distilled  water  and 
ethanol  using  a formula  published  by  Li  |LiR91b) . The 
coating  of  silicone  with  sol-gel  derived  bloactive  glasses 
suffered  from  two  major  difficulties:  1)  the  sprayed  on 
hydrophilic  sol  left  very  tiny  islands  of  glass  on  the 
surface  of  a cured  silicone  sheet  rather  chan  an  even 
coating;  further,  these  islands  inherently  had  a large 
curvature  and  surface  area,  complete  dissolution  of  the 
islands  was  observed  in  as  short  a time  as  12  hours  in  water 
at  37“C;  2)  Che  high  acid  content  of  the  sol  Interfered  with 


the  eadition  curing  □(  Che  eillcone  when  mixed  with  two-part 
silicone,-  this  resulted  In  bubbles  and  voids  in  the 
sheeting.  In  an  act  of  desperation,  melt-derived  biosctive 
glass  (Bioglase*  45s5,  710-90  pm  powder,  0-S.  Blomaceriala, 
Alachua,  PL)  powder  was  pressed  into  the  surface  of  a 
silicone  sheet  2 hours  into  the  curing  reaction.  The 
results  of  in  vitro  testing  of  these  samples,  called 
"S/S/press",  showed  the  forroation  of  HCA  both  on  the  glass 
particles  and  between  Che  particles  on  the  silicone  surface. 
Theae  results  concurred  with  those  of  other  researchers  at 
about  the  same  time.  Investigators  found  that 
PESF/bioactive  glass  composite  surfaces  could  precipitate 
HAP  both  on  the  glass  reinforcing  phase  and  the  polymer 
between  the  glass  phase  (Ore95  and  Mar9e). 


METHODS 


Silicone  sheets  were  made  by  casting  a solution  of  two- 
part  silicone  (Shln-Etsu  KE-1935,  Lot.  407161,  Shincor 
Silicone  Inc.,  Akron,  OHfin  hexane  onto  a glass  plate  and 
Chen  curing  Che  silicone  in  a vacuum  oven.  A 1:1  ratio 
silicone/hexane  solution  Is  made  by  weighing  12.5  g of  each 
silicone  part  into  a 50  cc  disposable  centrifuge  cube 
(Fisherbrand*,  Fisher  Scientific,  Pittsburgh,  PA)and  then 
mixing  this  with  25  mL  of  hexane  {Optima  grade,  Fisher 
Scientific,  Fait  Lawn,  NJ)  on  a rotary  mixer  for  1 hour. 

This  silicone/hexane  solution  was  poured  onto  a glass  plate 
112  in  x 6 in)  that  had  a border  made  of  disposable  glass 
pipet  glued  to  the  plate  with  commercial  silicone  caulk. 

The  hexane  was  allowed  to  evaporate  in  a hood  at  room 
temperature  and  then  the  place  was  placed  in  a vacuum  oven 
(National  Appliance  Co.,  Portland,  OP)  pumped  down  to  10 

The  first  hour  of  pumping  insured  chat  all  entrapped  air  was 


removed  from  the  ailicane.  The  resulting  sheet  of  silicone 
was  removed  from  the  glass  plate  and  cut  into  smaller 
squares  (5  cm  x 5 cm)  for  coating  with  bioactive  powder. 

2.2  Preearation  of  Buffers 

Two  types  of  buffers  were  made  and  used  during  the  in 
vitro  testing  of  these  sauries:  1)  a simulated  body  fluid 
(SBr)  buffer  and  2)  a Tria  buffered  solution.  The  SBF  was 
described  by  Kokubo  for  the  in  vitro  testing  of  bloactive 
glasses  {Ko)c90a)  as  having  similar  ion  concentrations  and  pH 
as  human  blood  plasma.  The  SBF  was  buffered  to  pH  7.25  with 
tris (hyroxymethyl)  aminomethane  {THAN)  and  hydrochloric  acid 
(HCl)  at  37°C.  The  SBf  was  made  by  adding  the  reagents, 
shown  below  In  Table  3-1,  to  4 L of  ultra-pure  water. 


Once  the  reagents  ace  dissolved  and  ths  solution  la 
brought  to  37“C,  the  pH  is  adjusted  to  7.25  by  adding  very 
small  amounts  of  either  THAN  ot  1 S HCl.  Trie  buffer 
solutions  vece  made  by  using  only  THAN  and  KCl. 


Mixing  of  a sample  of  two-part  allicone  as  described  in 
section  3.1  was  followed  by  placement  in  a vacuum  oven  with 

entrapped  air  bubbles.  Then  5 g of  bloactlve  glass  powder 
(45s5  Blaglass9,  710-90  um  diameter,  Lotf  VIOX,  O.S. 
Blonateriala  Inc.,  Alachua,  FL)  was  spread  with  a glass 
microscope  slide  onto  the  silicone  surface.  The  powder  was 
pressed  into  the  tacky,  partially  cured  surface  gently  with 
the  glass  elide  and  the  glass  plate  placed  back  Into  the 

rectangular  piece  of  this  sample  (1  cm  by  2 cm)  was  exposed 
to  30  mL  of  SBF  at  37*^  for  ID  days.  After  that  period,  the 
sample  was  removed,  rinsed  with  acetone,  and  allowed  to  air 
dry  at  room  temperature  In  a desiccator.  The  surface  of  the 
reacted  samples  was  analysed  using  Fourier  Transform 
Infrared  (ETtR)  spectroscopy  using  a diffuse  reflection 
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stage.  Parc  of  the  reacted  sample  was  coated  with 
gold/pslladium  and  imaged  using  low  voltage  <2  IceVi  scanning 
electron  microscopy  (SEH) . 

Seven  squares/  S cm  by  S era,  were  cut  from  a piece  of 
silicone  sheeting  prepared  using  the  technique  described 
section  3.1.  These  squares  were  soaked  in  hexane  for  2 
hours  to  remove  most  of  the  oils  in  the  sheeting.  Once  dry, 
Che  squares  were  placed  flat  on  a clean  glass  plate.  A 
solution  of  two-part  ailicone/hexane  was  made  by  weighing 
out  equal  amounts  of  each  part  of  silicone  into  a centrifuge 
tube  and  tnen  adding  enough  hexane  to  make  a 109  (silicone 
weight/  hexane  volume)  solution.  This  10%  ailicone/hexane 
eolution  was  allowed  to  mix  on  a tube  rotator  for  1 hour. 
Using  a 1 mL  glass  pipet,  1 mL  of  this  solution  was  applied 
evenly  to  the  surface  of  each  silicone  square  and  the  hexane 
allowed  to  evaporate.  This  produced  a thin  layer  of  uncured 
silicone  on  the  surface  of  each  square.  A weiqhted  amount 
(0.0,  0.1,  0.2,  0.3,  0.«  and  0.5  g)  of  bioactive  glass  (45s5 
BloglassV,  125-53  Mni  diameter,  Lot#  VIOX)  powder  was  evenly 
applied  to  each  square  using  a "salt  shaker"-like  device 
made  of  a GPU  vial  (National  Scientific  Co.,  Lawerencevllle, 
GA)  with  several  holes  (1  mm  each)  punched  into  the  Teflon 
septa.  Each  square  was  then  placed  between  two  Teflon 
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sheets  and  pressed  In  a heated  Carver  press  at  150^:  to  5000 
pel  for  1 hour.  The  seventh  sample,  labeled  63,  was  coated 
with  the  thin  layer  of  uncured  silicone  and  0.5  g of  glass 
powder  using  the  above  technique  but.  was  heated  in  a vacuum 
oven  at  10  Torr  and  ?0*c  for  24  hours  and  not  pressed. 
Cross-sectional  micrographs  were  tahen  of  samples  from  each 
square  using  SCH.  Cross-sectional  samples  from  each  square 
were  broken  after  freezing  in  liquid  nitrogen  for  2 minutes. 
Sixteen  disks,  1 cm  diameter,  were  cut  from  each  square 
using  a standard  cork-borer.  These  disks  were  then  placed 
in  15  ml  centrifuge  tubes  ( Fisherbcande) . At  the 
appropriate  time,  8 mL  of  SBF  was  added  to  each  tube,  the 
tube  sealed  and  placed  in  a constant  temperature  shaker  bath 
(American  (^tlcal.  Model  406015,  Buffalo,  NT)  at  37“C.  One 

This  provided  a coated  surface  area  to  solution  volume 
ISA/V)  ratio  of  0.1  cm"'.  After  samples  were  reacted,  they 
were  removed  from  the  SBF  with  tweezers,  submerged  in 
acetone  (Optima  grade,  Fisher  Scientific,  Fair  Lawn,  NJ)  for 
1 minute,  gently  removed,  allowed  to  air  dry  at  room 
temperature  on  a lint-free  tissue  (Klmwlpes  EX-L,  Kimberly- 
Clark  Corp.,  Boswell,  GA)  and  placed  in  labeled  petri 
dishes.  The  solution  was  replaced  in  the  temperature  bath 


solution 


calibrated  using  pH 


standards  that  were  also  at  31'C.  Heasurenant  was  carried 
out  while  still  in  the  constant  CBngjerature  bach,  then  the 
solution  was  sealed  and  saved  for  inductively  coupled  plasoa 
(ICP)  spectroscopy  analysis  for  Che  elemental  concentration 
of  phosphorus  (P),  silicon  (Sil,  and  calcium  (Ca)  in 
solution.  The  reacted  surface  of  each  disk  was  analyzed 

Test  of  ■Halo- 

Three  squares,  S cm  by  5 cm,  were  cut  from  a silicone 
sheet,  soaked  in  hexane,  dried,  and  placed  on  a clean  glass 
plate  as  described  above.  A 10»  (H/V)  silicone/haxane 
solution  was  made  and  allowed  to  mix  on  a tube  rotator  for  1 
hour.  Using  a 1 mL  glass  pipet,  0.5  mL  of  this  solution  was 
applied  evenly  to  the  surface  of  one  silicone  square  and  the 
hexane  was  allowed  to  evaporate.  This  produced  a thin  layer 
of  uncured  silicone  on  the  surface  of  each  square.  Sixteen 
disks,  1 cm  diameter,  were  cut  from  this  coated  sheet.  A 
short  piece  of  glass  tubing,  0.5  cm  internal  diameter,  was 
gently  placed  in  the  center  of  a coated  disk.  Bioactlve 
glass  H5s5  Bioglass®,  125-53  urn  diameter.  Loti  VIOXl  powder 
was  placed  down  the  short  glass  cube.  A vacuum  was  applied 
to  the  glass  tube,  using  a vacuum  pump  and  a rubber  hose,  to 
remove  any  unattached  bioactive  glass  particles.  The  glass 


gently  removed,  leaving 


diameter 


df  bioactive  glass  coated  silicone  in  the  disk's  center. 

This  procedure  was  repeated  for  each  disk  using  a new  glass 
tube  each  time.  The  disks  were  placed  on  a glass  plate  and 
cured  in  a vacuum  oven  at  10  Torr  and  70*C  for  hours. 
These  samples  were  labeled  "C13".  To  the  ocher  two  squares, 
0.1  fel,  of  Che  10%  silicone/hexane  solution  was  applied  to  a 
0.5  cm  Wide  section  of  two  sides  of  each  square.  The 
remainder  of  the  square  was  masked  from  coating  by  placing  a 
glass  microscope  slide  on  the  surface  of  the  square.  The 
hexane  was  allowed  Co  evaporate  and  bioactive  glass  powder, 
as  in  C13,  was  dropped  onto  the  uncured  silicone  area.  The 
squares  were  Chen  placed  In  a vacuum  oven  at  10  Torr  and 
70*C  for  24  hours.  After  the  silicone  cured,  Che  glass 
microscope  slides  were  removed  from  Che  squares  and  excess 
bioaccive  glass  powder  was  rinsed  from  the  squares  with 
acetone.  From  each  of  these  two  squares,  B samples  were  cut 
in  the  shape  of  rectangles  1 cm  by  2 cm  with  a bioactlve 
glass  coated  end  chat  measured  1 cm  by  D.S  cm.  These 
rectangular  samples  were  labeled  "R13".  A diagram  of  each 
of  these  samples  Is  shown  in  Figure  3-1,  Both  sets  of 
samples  were  placed  in  15  mL  centrifuge  tubes  for 
bioaetlvlty  testing.  At  the  appropriate  time  for  samples  at 


days,  8 mL 


Six  squares.  5 on  by  5 cm,  were  cut  from  a sheet  of 
silicone,  soaked  in  hexane,  dried,  and  placed  on  a qlass 
place  as  described  above.  Using  a micropipecer  (Oxford 
Sampler,  Oxford,  Inc.,  St.  Louis,  HO)  0.15  mL  of  a 10% 
silicone/hexane  solution  was  applied  to  one  end  of  3 squares 
and  spread  across  each  square  using  a glass  microscope 
slide.  Once  the  hexane  evaporated,  a very  thin  layer  of 
uncured  silicone  remained  on  each  of  the  3 squares.  The 
following  3 sizes  of  fine  bioactive  glass  powder  (U.S. 
Blomaterlals,  Alachua,  FL)  were  applied  to  each  to  both  an 
uncoated  square  and  a coated  square:  1)  45s5  Bioglasa®,  <20 

Um  powder.  Lot#  9160;  2}  #5s5  Bioglass®,  <0  um  powder.  Loci 

9160;  and  3)  45s5  Bioglasa®,  <2  pm  powder,  Lotl9160.  The 
glass  powder  was  spread  onto  each  square  using  a glass 
microscope  slide.  All  6 squares  were  Chen  placed  in  a 
vacuum  oven  at  10  Tore  and  10°C  for  2#  hours,  Disks,  1 cm 
diameter,  were  cut  from  each  of  the  squares  and  placed  in 
labeled  ISmL  centrifuge  tubes.  At  the  appropriate  time,  0 
raL  of  SBF  was  added  Co  each  tube  containing,  the  Cube  sealed 
and  placed  in  a constant  temperature  shaker  bach  at  37"c  for 
0,  1,  3,  12,  and  24  hours  (3  samples  at  each  time  peritjd). 


37*C 


After  samples 


submerged 


acetone  for  1 minute,  removed  and  allowed  to  air  dry  at  room 
temperature  on  a lint-free  tissue.  The  solution  was 
replaced  in  the  ten^erature  bath  for  pH  measurement  of  Che 
solution  at  37*C.  The  eoluCion  waa  sealed  and  saved  for  ICP 
analysis.  The  reacted  surface  of  one  sample  from  each  type 
was  analyted  using  FTIB  diffuse  reflection  spectroscopy. 

Spectra/Mesh*  woven  nylon  mesh  pieces (Spectrum  Medical 
Industries,  Inc.,  Houston,  TX),  commonly  used  for 
filtration,  were  used  to  mask  the  surface  of  silicone 
squares  coated  with  uncured  silicone  providing  a pattern  of 
powder  on  the  surface  of  Che  silicone  squares, 

70  mesh 

One  square,  5 cm  by  5 cm,  was  cut  from  a sheet  of 
silicone,  soaked  in  hexane,  dried,  and  placed  on  a glass 
plate  as  previously  described.  Using  a microplpeter  D.15  mL 
of  a 10%  (W/V)  aillcone/haxane  solution  was  applied  to  one 
end  of  the  square  and  spread  using  a glass  microscope  slide. 
Once  the  hexane  evaporated,  a piece  of  70  pm  Specta/Mesh® 
(Lot#  00<50,  70  urn  square  holes  separated  by  70  um  wide 
threads  of  nylon),  5 cm  by  5 cm,  was  gently  applied  on  Cop 
of  the  uncured  silicone  layer.  BioacCive  glaaa  powder  (45sS 


Blo^lasse,  12S-S3  Mfi  diameter,  l>otl  VIOX)  was  spread  onto 
this  masked  surface.  Once  the  glass  powder  had  filled  all 
of  the  pores  in  the  mesh,  the  excess  glass  was  gently  blown 
off  using  compressed  dry  air.  The  nylon  mesh  was  removed 
leaving  a pattern  of  single  glass  particles  evenly  spaced. 
The  square  was  placed  in  the  vacuum  oven  at  10  Torr  and  10*0 
for  24  hours.  Disks  of  1 cm  diameter  were  cut  from  this 
square  and  placed  into  15  mL  centrifuge  Cubes.  Eight 
milliliters  of  SBF  was  added  Co  each  tube.  The  cube  was 
sealed  and  placed  in  a constant  temperature  shaker  bath  at 
37*C  for  0,  1,  3,  7,  12  and  24  hours  12  samples  at  each  time 
period) . In  addition,  single  disks  were  reacted  in  SBF  for 
1,  2,  3 end  10  days  at  After  samples  were  reacted, 

they  were  removed  from  the  SBF,  suimnerged  in  acetone  for  1 
minute,  removed  and  allowed  to  dry  on  a lint-free  tissue. 

The  pH  of  Che  solution  was  measured  at  37“C,  the  solution 
saved  for  ICP  analysis,  and  the  reacted  surfaces  analyzed 
using  rriR  spectroscopy  and  iow  voltage  SEM. 

70/45.  70/52,  70/55.  t 70/E0  aamn1». 

Using  the  same  technique  described  in  70  Mash  above,  2 
squares  each  were  coated  with  a pattern  of  the  following 
bioactive  glass  powders:  1)  4Ss5  Bioglass*.  125-53  um 
diameter,  Locf  VIOX;  21  52s  Bioglass*,  90-53  pm  diamsCer, 
Loti  9160;  3)  SSs  Bioglass*,  90-53  pm 


diameter.  Loti  9160; 
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41  60s  BioglassS,  >90  |im  diameter,  Lot#  9160.  These  glass 
ponders  are  of  different  composition  and  exhibit  different 
reactions  in  vivo.  The  coated  squares  were  placed  In  a 

diameter  were  cut  from  these  squares  and  placed  into  labeled 
15  ml  centrifuge  tubes.  Disks  were  reacted  with  8 mL  of 
Trls  buffer  and  SBF  at  37°C  for  3.  7,  9,  10  and  12  hours  in 
a constant  temperature  shaker  bath.  In  addition,  Z uncoated 

periods.  The  reacted  samples  were  removed  from  their 
solutions,  submerged  in  acetone  for  1 minute,  removed  and 
allowed  to  dry  on  a lint-free  tissue.  The  pH  of  the 
solution  was  measured  at  37”C,  the  solution  saved  for  ICP 
analysis,  and  the  reacted  surfaces  analyzed  using  FTIR 
spectroscopy  and  low  voltage  SCH. 

3.3.3  Din  Coatinn  of  Catheters 

Samples,  5 cm  long,  of  an  all-silicone  Foley  catheter 
(16  french,  Bard  Access!  were  cut  and  Chen  washed  in  hexane 
for  2 hours  (excluding  Che  balloon  and  distal  ends).  After 
the  catheter  pieces  were  allowed  to  dry,  they  were  placed  in 
a 50  mL  centrifuge  tube  that  contained  30  mL  of  a 25k  (W/V| 
sllicone/hexane  solution  (7,5  g of  two-part  silicone  and 
fill  with  hexane  to  30  mL! . Two  catheter  pieces  were  placed 
in  this  solution  for  2 hours  at  room  temperature.  Then  the 


catheters  were  removed  and  placed  on  bent  paper  clips  to 
allow  the  excess  dipping  solution  to  drip  off  and  the  hexane 
to  evaporate  (see  diagram  of  process  in  Figure  3-2).  After 
I hour,  the  ends  of  the  catheter  piecea  are  masked-off  by 
placing  tape  around  each  end  and  crimping  the  tape-ends. 

The  masked  catheter  pieces  are  then  placed  in  a 15  mL 
centrifuge  tube  that  containing  10  g of  bloactive  glass 
(45s5  Bioglass*,  125-53  pm  diameter.  Lot#  VIOX)  powder.  By 
rotating  Che  tube  parallel  to  the  floor,  all  sides  of  the 
catheter  ace  coated  with  powder.  Once  coated  with  powder, 
Che  catheter  pieces  were  removed  from  the  centrifuge  tube 
and  the  tape  carefully  removed.  The  powder  was  pressed  into 
the  surface  of  the  catheter  piece  by  rolling  it  on  a glass 
plate  with  a microscope  slide.  The  catheter  pieces  were 
placed  in  GPC  vials  to  hold  them  upright  and  heated  in  Che 
vacuum  oven  at  10  Torr  and  70'C  for  24  hours.  SEM  images  of 
catheter  pieces  broken  with  liquid  nitrogen  were  taken  to 
view  the  cross-section. 


The  reacted  surface  of  each  sample  was  analysed  using 
Fourier  transform  infrared  (FTIR)  spectroscopy  and  low 
voltage  (2  keV)  scanning  electron  microscopy  (SEM) . 
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3-4-1  FTIR 


The  surface  of  reacted  samples  was  analyzed  using 
Fourier  transform  infrared  {niR)  spectroscopy  using  a 
diffuse  reflection  stage  (Model  205xb,  Nicolet  Instruments 
Corp. , Madison,  HI).  Diffuse  infrared  reflectance  was 
chosen  due  to  the  large  amount  of  scattering  induced  by  the 
irregular  glass  powder  coating  the  surface  of  these  samples, 
the  poor  IR  transmission  qualities  of  silicone,  and  the  fact 
that  this  technique  has  been  used  by  many  researchers  to 
study  the  reaction  surfaces  of  bioactive  glasses  (Cla90, 
KokSOb,  Hen91,  and  Gre95).  Samples  were  placed  on  the 
diffuse  stage  and  the  IR  beam  focused  for  the  best 
reflection  intensity. 

Half  or  quarter  pieces  of  each  reacted  sample  were  cut 
with  a scalpel  blade  and  mounted  on  aluminum  SEM  stubs  with 
cyanoacrylate  glue  (SuperGlueS) . Samples  were  grounded  to 
the  stubs  by  using  carbon  paint  and  the  stub  coated  with  a 
very  thin  layer  of  gold/Palladium  using  a sputter  coster  (2 
minutes  coating  tine) . Samples  were  analyzed  by  low  voltage 
(2  KeV)  SEM  (Joel  JSM-6400,  Bedford,  HA)  and  representative 
photos  of  each  surface  were  taken  using  Polaroide  Type  S5 
4x5  Instsnt  Sheet  film  (Polaroid,  Cambridge,  HA). 


.S  Solution  Analysis 


-Solution  pH 


After  removal  of  the  reacted  sample,  the  solution  was 
replaced  in  the  temperature  bath  for  1 hour  to  return  it  to 
37*C.  The  pH  of  the  solution  was  measured  (Corning  pH 
Meter,  Model  320,  Coning,  NY)  with  a probe  (Aecumet 
Combination  Electrode,  risher  Scientific,  Atlanta,  GA)  that 
had  been  calibrated  using  pH  standards  (Fisher  Seientlflc, 
Atlanta,  GA)  at  37”C. 


The  elemental  concentrations  of  phosphorus  (P),  silicon 
(Si) , and  calcium  (Ca)  in  solution  were  measured  using 
inductively  coupled  plasma  (ICP)  atomic  emission 
spectroscopy  using  a Plasma  40  (Petkin-Elmer,  NorwaDt,  CT). 
ICP  is  an  atonic  emission  technique  that  measures  the 
concentration  of  elements  in  an  aqueous  solution  by  using  a 
plasma  torch  to  ignite  a fine  mist  of  solution.  The 
solution  sample  was  introduced  into  the  inetrument  through  a 
capillary  tube  by  means  of  a peristaltic  pump.  A nebulizer 
converts  the  liquid  to  a fine  aerosol  which  is  sprayed  into 
the  plasma.  The  spectrum  of  light  emitted  from  this 
ignition  Is  characteristic  of  the  elements  in  solution. 


parameters 


Calcium 


393.37 


a solutions  were  made  using  1000  ppm  Spex 
Plasma  standarQs  (Spex  Chemical/  Metuchen,  NJ)  of  phosphorus 
(Lot  Ko.  3-31CA) r silicon  (Lot  Ko.  4-284SI)  and  calcium  (Lot 
No.  4-2B0P) . Standards  were  made  using  class  A volumetric 
flasks  and  pipet,  diluted  with  ultra-pure  water.  Standards 
consisted  of  100  and  50  ppm  P;  100  and  10  ppm  Si;  and  200 
and  100  ppm  Ca.  A blank  solution  of  ultra-pure  water  was 
also  used.  Standards  and  the  blank  were  run  and  the 
instrument  calculated  a linear  standard  curve  (intensity  vs. 
concentration).  Correlation  eoefficlents  of  these  standard 
curves  varied  between  0.994  and  0.999. 
of  each  element  in  solution  was  calculated  using  t 
standard  curves  and  reported  as  ppm.  T) 
were  taken  of  each  solution  and  the  mear 
deviation  calculated  and  reported  by  the  instrument.  Mher 
the  blank  was  run  as  a sample  the  values  obtained  were  0.1 
ppm  P,  0 ppm  Si,  and  0 ppm  Ca.  Detection  limits  cited  for 
these  are  0.2  ppm  P,  0.01  ppm  Si,  and  0.2  ppm  Ca  (Kel59) . 


CHAPTER  4 

RESULTS  AMD  DISCUSSION 
4.1  S/S/Press 

After  the  number  of  failed  atteinpta  at  coating  silicone 
with  sol-gel  derived  bioactive  glass,  it  was  a pleasant 
surprise  Co  find  Chat  a coating  made  of  melt-derived  glass 
powder  (named  "5/S/Press”)  was  both  stable  in  a simulated 
body  fluid  (SBF)  buffer  for  10  days  and  formed  an  apatite 
layer  on  the  surface.  Analysis  of  the  reacted  surface,  by 
Fourier  transform  infrared  (FTIB)  spectroscopy,  showed  that 
a hydroxycarbonate  apatite  (HCA)  layer  had  formed  on  the 
surface  after  10  days  reaction  (see  Figure  4-1).  Figure  4-1 
shows  a coirg>arison  between  FTIB  spectra  obtained  from  the 
bioactive  glass  powder  coated  sample  and  an  uncoated 
silicone  disk  reacted  in  SBF  for  10  days  at  37*C.  The 
spectrum  from  the  coated  sample  (top  spectrum)  show  the 
characteristic  peaks  of  a HCA  layer  on  the  reacted  surface; 

3 narrow  peaks  near  610,  574,  and  566  cm*'  and  a broad  peak 
at  1050  cm-',  representing  the  P-0  crystalline  bending 
vibration  and  P-0  stretching  vibration,  respectively 
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(Hendl) . The  uncoeted  sample  (botcom)  shows  a result  for 
silicone;  a narrow  peak  at  1250  cm‘‘  representing  Si-CH, 
bending,  2 peaks  at  1100  and  1000  cn'‘  representing  Si-0 
stretching,  and  a strong  peak  at  800  cm'’  representing  the 
Si-O-Si  tetrahedral  bonding. 

When  the  reacted  surface  of  the  S/5/Press  sairple  was 
imaged  using  low  voltage  (2  keV)  scanning  electron 
microscopy  (SEMI  an  interesting  result  was  seen.  Not  only 
did  Che  HCA  layer  precipitate  on  Che  bioactiva  glass 
particles,  but  it  also  formed  on  the  siiicone  polymer 
surface  between  particles  of  bioacCive  glass  (see  Figure  4- 
2),  This  result  corresponded  to  observations  by  other 
researchers  testing  composites  made  of  bioactive  glasses  snd 
engineering  thermoplaetic  (i.e.  polyethylene  and  PESF)  at 
the  same  time  (Hus95,  Ore95  and  Mar96).  The  success  of  this 
simple  coating  technique,  inspired  a goal  change  from  sol- 
gel  derived  coating  to  melt-derived  powder  coating  of 
silicone  surfaces.  Glsss  powder  used  to  coat  the  S/5/Presa 
samples  was  of  a very  coarae  site  (710  - 90  pml,  resulting 
In  a rough  surface  and  large  particles  of  glass  could  easily 
be  brushed  off  the  surface.  An  experiment  was  designed 
using  a finer  site  powder  (125  - 53  um)  and  varied  amounts 
of  glass  powder  pressed  into  the  surface  of  an  uncured 
silicone  layer  spread  onto  a fully  cured  silicone  sheet. 


Wsvemjmbers  {cm*l) 


FTIR  refection  spectra  tor  5/5/Presa 
bioactive  glass  powder  coated  silicone  and  ar 
uncoated  silicone  disk  reacted  in  SBF  for  10 
days  at  37°C  Icorapare  with  Table  2-2). 


Figure  4-2: 


SEM  micrograph  of  5/5/Preas  surface  reacCeO 
in  SBF  for  10  days  at  37»C,  Note  that  HCA 
(round  hillocks)  has  formed  on  both  the 
bioactlve  glass  particle  (left  & right  side) 
and  the  silicone  polymer  (middle) . 


.?  Varigd  Amounts  of  Powder 


Bloactive  glass  coated  sanples  were  made  with  0,  D.l, 
0.2/  0.3/  0,4  and  0.5  g of  bloactive  glass  powder  were 

samples  was  of  a finer  size  range  than  before,  123  - 53  pm. 
The  glass  powder  on  these  samples  was  pressed  into  a layer 
of  uncured  silicone  applied  to  the  surface  and  cured  by 
using  a heated  carver  press.  In  addition,  a sample  called 
was  made  without  pressing,  by  adding  0,5  g of  powder 
and  cured  using  a vacuum  oven,  figure  4-3  shows  FTIR 
analysis  of  an  uncosted  silicone  surface  and  a surface  with 
0.5  g of  powder  reacted  for  20  hours  in  SBF  at  37^.  Again 
the  characteristic  peaks  of  an  HCA  layer  are  present  on  the 
coated  sample  {bottom  spectra}  and  not  the  uncoated  sample 
(top).  One  of  the  silicone  peaks  can  be  observed  in  the  0.5 
g sample,  s peak  at  1250  cm'‘  for  the  Sl-CHi  bond  vibration. 
The  peak  near  600  cm"‘  on  the  bottom  spectra  may  be  due  to 
Si-o-Si  from  the  formation  of  a silica-gel  layer  during  the 
reaction  with  SBF  and  not  from  Che  silicone  polymer  surface. 
A comparison  of  Che  amount  of  powder  applied  to  the  surface 
of  samples  reacted  in  SBF  for  20  hours  at  37“C  is  shown  in 
Figure  4-4.  The  presence  of  a pair  of  peaks  at  600  cm"'. 


representing  the  P-0  crystalline  bending  vibrations  and  the 
wide  P-0  stretching  vibration  near  1050  cn'‘.  can  be 
observed  starting  with  0.3  g sample  and  growing  in  strength 
with  an  Increase  in  the  amount  oC  glass  powder  on  the 
sample.  Samples  with  0.1  and  0.2  g of  powder  on  their 
surface  have  little  or  no  HCA  is  present  (as  represented  by 
their  ETIR  spectra) . Cross-section  analysis  of  2 samples 
imaged  by  low  voltage  SEM  are  shown  in  Figures  4-5  and  4-6. 
Cross-sections  were  made  by  breaking  samples  frozen  in 
liquid  nitrogen,  Cross-sections  of  the  0.2  sample  reveal 
that  the  majority  of  the  bloactive  glass  particles  are 
covered  by  silicone  (particles  in  the  center  of  Figure  4-5 
are  coveted  by  a layer  of  silicone  present  to  their  right). 
This  image  is  similsr  to  what  is  observed  with  the  0.1 
samples.  Figure  4-6,  shows  a large  number  of  particles 
exposed  to  the  surface  (top  left  of  image)  and  is 
representative  of  what  is  observed  with  the  0.3,  0.4,  and 
Q.S  samples.  The  results  of  this  cross-sectional 
examination  help  explain  the  reasons  for  the  differences 
observed  in  the  FTIR  analysis  shown  in  Figure  4-4.  Samples 
0.1  and  0.2  present  only  a silicone  surface.  Hhiie,  the 
0.3,  0.4,  and  0.5  samples  present  bioactive  glass  powder  at 
their  surfaces.  SEM  Images  of  20  hour  reacted  samples  are 
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Figure  4-3;  FTIR  spectra  of  an  uncoated  silicone  sanqsle 
and  a sample  coated  with  0.5  g of  bioactive 
glass  both  reacted  in  SBF  for  20  hours  at 
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SCM  image  of  the  cross-secCion  of  a sample 
coated  with  0.2  g bioactive  glass  powder. 
(Showing  particles  covered  by  silicone  layer) 


S3 


coated  with  0.4  q of  bloactlve  glass  powder. 
(Showing  exposed  particles  on  surface) 


Figure  4-C: 


SE«  image  of  tne  surface  of  a 0.2  sample 
teacced  in  SBF  for  20  hours  at  37“C.  Bote: 
the  laok  of  bloactlve  glass  particles  on  the 
surface. 


5EH  image  of  Che  surface  of  a 0.3  sample 
reacted  In  SBF  for  20  hours  at  37“C.  Note; 
Che  large  number  of  bloactive  glass  particles 


Figure  4-7  shows  the  surface  of  a 0.2  sample  reacted  in 
SSF  for  20  hours  at  SOX.  This  surface  shows  few  exposed 
bloactive  glass  particles  and  little  reaction  at  Che 
surface.  In  contrast.  Figure  4-S  shows  the  reacted  surface 
of  a 0.3  sample,  many  bioactive  glass  particles  are  observed 
and  Che  surfaces  of  chose  particles  show  HCA  nodules  and 
growth.  These  results  correspond  to  what  1s  observed  with 
FTIR  spectra  of  these  surfaces.  If  no  bioactive  glass 
particles  are  exposed  then  there  is  no  reaction  at  the 
surface  Co  produce  an  HCA  layer.  Composites  made  using 
bioactive  glasses  and  engineering  thermoplastics  are 
traditionally  polished  with  SiC  sand  paper  to  expose  the 
underlying  glass  from  the  matrix  polymer  (Hua95  and  Ore95). 

This  difference  is  also  observed  by  the  change  in 
elemental  concentrations  of  phosphorus  (P),  silicon  (Si), 
and  calcium  (Ca)  in  sach  reaction  solution  analysed  by 
inductively  coupled  plasma  (ICPl  spectroscopy.  Figures  4-9, 
4-10,  and  4-11  show  the  concentrations  of  P,  Si  and  Ca  in 
solution,  respectively,  plotted  for  each  time  period  and 
sample.  Figure  4-10  shows  a considerable  drop  in  the  P 
concentration  for  the  0.3,  0.4,  and  O.S  san^les,  to  levels 
that  ate  much  lower  than  the  original  SBF  concentration  of 
31.3  ppm.  This  phosphorus  level  reduction  starts  at  the  2 
hour  time  period  and  continues  through  ths  20  hour  period. 
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Plot  of  the  phosphorus  concentration  {in  ppm) 
in  SBF  solution  reacted  with  0,  0.1,  0-2, 

0.3,  0.4  and  0.5  samples  versus  the  time 
period  (in  hours)  at  37*C. 


This  drop  in  the  ? level  of  reaction  solutions  has  been 
associated,  by  many  authors,  with  the  precipitation  and 
growth  of  an  HCA  layer  on  the  surface  of  bioactive  glasses 
(KimBg,  LiRSla,  KoK92  and  Oht92)  and  is  preceded  by  an 
increase  in  the  P level.  This  increase  is  associated  with 
Che  leaching  of  phosphorus  ions  from  the  glass  into 
solution.  The  observation  of  a drop  in  the  P level 
beginning  at  the  2 hour  reaction  time  period,  was  also 
reported  by  Kim  et  al.,  with  49s5  Bloglass*  disks  reacted  in 
Tris  buffer(KimB9) . This  trend  is  not  observed  with  the  0, 
0.1,  and  0.2  samples,  except  for  the  single  20  hour  0.2 
sample.  For  the  rest,  the  phosphorus  level  remained  at  os 
near  the  original  S6F  level,  indicating  that  there  was  no 
precipitation  of  HCA  on  the  sample  surface.  In  addition, 
the  same  trends  are  also  observed  with  the  Ca  levels  plotted 
in  Figure  4-11.  An  increase  in  the  Ca  level  at  the  1 hour 
time  period,  followed  by  a decrease  to  a level  far  below  the 
original  level  in  the  SBF  solution  (135.0  t 2.2  ppm).  This 
trend  being  observed  only  for  the  0.2,  0.3,  0.4,  and  0.5 
samples.  The  0.0  and  0.1  samples  remain  at  or  near  the 
original  SBF  level.  The  increasing  trends  observed  in 
Figure  4-10  show  chat  Si  leaches  from  all  of  the  glass 
coated  samples  and  the  amount  of  silicon  that  leaches  into 


solution  is  directly  related  to  the 


surface.  Even 
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the  0.1  and  0.2  samples  leach  snail 
anounts  of  elemental  silicon  In  to  solution,  contrary  to  the 
observation  with  SEM  that  this  glass  is  coveted  by  the 
silicone  layer.  However,  images  of  the  reacted  samples 
shown  in  Figure  4-7,  reveal  that  the  surface  has  many 
defects  that  could  allow  limited  access  of  the  solution  to 
the  underlying  glass  particles,  the  0.3,  0.4,  and  0.5 
samples  all  leached  Si  into  solution  at  similar  rates  and 
leached  much  more  Si  chat  the  0.1  and  0.2  samples.  Ths 
leaching  of  Si  into  solution  by  a bioactive  glass,  resulting 
in  the  condensation  and  repolymeriration  of  a silicon-rich 
gel  layer  at  the  surface  of  this  glass  has  been  theorized  as 
a mechanism  for  accelerating  the  nucleation  and  growth  of 
the  HCA  layer  that  forms  both  in  vitro  and  in  vivo  (Hen93a). 


4.3  Teat  of  -Halo-  Effect 

Mareolongo  et  al,,  described  the  HCft  reaction  layer 
that  formed  around  bioactive  glass  fibers  imbedded  in  a 
polysulfone  composite  as  a "Halo"  of  bioactivity  (Hat96J. 

The  authors  reported  that  after  21  days  in  vitro,  nodules  of 
a calcium  phosphate  layer  (3-5  pm  thick)  were  observed  using 
SEH  in  regions  between  10  and  70  pm  surrounding  the 
bioactive  glass  libers.  The 


following  experiments  were 
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SEM  micrograph  of  a section  of  C13  sample 

chat  on  the  left,  where  glass  particles  are 
spread  out,  there  is  extensive  growth  of  Che 
HCA  layer  on  the  silicone  surface.  Growth  is 
limited  on  the  right,  where  particles  ate 
closely  packed  together. 


Figure  4-16:  SEM  micrograph  at  a section  of  C13  sample 

a magnified  version  of  Figure  4-15. 


Figure  4-17:  SEM  micrograph  of  a section  of  C13  sample 

reacted  in  SBF  for  5 days  at  37“C.  Note  the 
layer  of  HCA  grown  both  on  and  between  the 
glass  particles. 
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The  SEM  micrographs  shown  in  Figures  4-14  through  4-17, 
show  a pattern  of  broad  HCA  formation  on  silicone  that  has 
bioaetive  glass  particles  spread  apart  and  HCA  formation 
limited  to  only  the  particle  surface  for  closely  packed 
particles.  These  results  lead  to  a new  theory  that  governed 
the  formation  of  HCA  between  bioactive  glass  partioles  (or 
regions).  As  the  bioaetive  glass  particles  leach  ions  into 
solution,  there  forma  a rone  of  leached  Ions  around  each 
particle.  This  leach  zone  is  highly  saturated  with  respect 
to  phosphorus,  silicon  and  calcium  containing  ions.  If  the 
particles  are  too  close  together  leach  rones  overlap  early 
in  the  bioaetive  reaction  causing  precipitation  of  silicon 
and  then  HCA  on  the  surface  of  the  particles  only.  If  the 
particles  are  too  far  apart  then  the  zona  grows  until 
silicon  and  then  HCA  precipitate  only  on  the  particle.  If 
the  bioaetive  particles  are  spaced  Just  the  right  distance 
apart,  then  the  separate  leach  zones  tor  each  particle  grow 
until  they  overlap,  at  that  point  the  solution  is 
supersaturated,  silicon  and  the  HCA  precipitate  on  both  the 
particles  and  between  the  particles.  In  addition,  the 
release  of  cations  such  as  Na'  and  Ca-=  into  the  solution 
surrounding  a glass  particle  through  an  ion  exchange 
process,  causes  a localized  increase  in  pH,  this  pH  increase 
favors  the  precipitation  of  amorphous  apatite  (Fee73,  Kou87 


and  Brodla) . This  nsw  distance  theory  of  HCA  formation 
between  particles  is  being  presented  for  the  first  time  in 
this  dissertation  and  is  illustrated  in  Figure  4-lS.  This 
theory  may  explain  trend  that  has  been  observed  with 
composites  made  of  bioactive  material  and  thermoplastic 
engineering  resins.  When  composites  are  made  with  <204 
bioactive  material.  HCA  is  seen  to  form  in  vitro  on  the 
surface  of  the  bioactive  matertal  and  rarely  on  the 
substrate  surface  (HuaSS  and  Han95) . When  higher 
concentrations  of  bioactive  material  are  used,  HCA  forms 
over  the  entire  sample  surface.  Examination  of  SEM 
micrographs  published  by  these  authors  suggests  that  in 
composites  made  with  <204  bioactive  material,  the  particles 
lor  regions!  of  bioactive  material  are  spaced  far  apart  from 
one  another  |Hua95  and  Han9S) . Samples  with  higher  amounts 
of  bioactive  material  showed  particles  that  were  close 
together.  This  theory  may  become  important  in  composites 
made  of  bioactive  material  where  the  design  of  the  device 
required  maximum  bioactivity  at  the  surface  with  the  least 
amount  of  bioactive  filler  material.  Since  Che  bioactive 
glass  is  the  brittle  phase  of  the  composite,  this  would  give 
a the  desired  tissue  response  while  limiting  the  reduction 
in  tensile  strength  and  fracture  toughness,  A balance  of 
properties  is  the  ultimate  goal  of  any  composite  material. 
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precipitation  dlatance  theory. 


distance 


The  variation  of  pH  with 
materials  was  presented  in  a recent  study  (DeA96) . These 
authors  studied  various  bioactive  glasses  and  glass-ceramics 
by  measuring  the  pH  using  a pair  of  ion-sensitive  field 
effect  transistors  (ISEFT)  in  direct  contact  with  the 
material  while  immersed  in  SBF.  An  increase  in  the  local 
pH,  due  to  ion  exchange,  was  observed  after  )ust  1 minute 
of  immersion  time  for  all  the  bioactive  glasses.  When  the 
ISEFT  was  moved  away  from  the  interface,  the  measured  pH 
decreased  to  the  original  value  of  the  SBF  (DeA96) . This 
decrease  occurred  at  a point  < 1 mm  from  the  surface  of  Che 
bioacCive  glass  and  suggests  that  the  ion  exchange  reaction 
is  limited  to  the  glass-SBF  interface.  The  authors 
concluded  that,  since  a higher  pH  favors  HCA  formation,  the 
localized  increase  in  pH  at  the  glass-SBF  interface 
detecmines  the  partial  solution  of  silica  and  the  subsequent 
precipitation  of  HCA  (OeA96l . 

The  elemental  concentrations  of  Ca,  P and  Si  in 
solution  as  measured  by  ICP  are  shown  in  Figure  4-19.  The 
points  on  each  graph  represent  the  mean  of  solutions  from  3 
separate  samples  <3  measurements  each)  and  the  error  bar 
represents  the  standard  deviation  of  that  mean.  As  in  Che 
previous  sCudy,  after  1 day  the  phosphorus  level  has 
decreased  due  to  the  precipitation  of  the  HCA  layer. 


(days) 


Plots  of  the  elaioental  concentrations  of 
calcium,  phosphorus,  and  silicon  in  solutions 
of  SBF  reacted  with  C13  samples. 
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Th«  Ca  level  also  decreased  below  Che  original  SBF 
value  due  to  the  HCA  precipitation.  The  elemental  Si 
concentration  increases  from  0.1  to  a level  near  35  ppm  and 
remained  at  that  level,  suggesting  that  once  the  HCA  layer 
precipitates  on  the  surface  of  the  glass  particles  the 
leaching  of  Si  into  solution  is  significantly  reduced, 

UncoaCed  silicone  1 cm  disks  that  were  reacted  in  SBF 
at  37“C  for  Che  same  time  periods  showed  no  HCA  formation  by 
FTIR  (Figure  4-20)  or  SEM  (Figure  4-21).  All  R13  samples, 
due  Co  their  manufacturing  process,  had  close  pac)ced 
particles  at  Che  silicone/glass  transition.  These  samples 
all  reacted  similar  to  Chose  areas  that  had  close  packed 
particles.  SEU  images  were  similar  Co  Figure  4-14.  ETIB 
and  ICP  analysis  were  omitted  for  these  R13  samples, 

4.4  Mesh  Samples 


To  further  test  the  theory  described  in  Figure  4-18, 
samples  of  silicone  were  coated  with  a pattern  of  Individual 
bioaccive  glass  particles  evenly  spaced  apart.  Using  a 
standard  woven  filtration  mesh  as  a mas)t  on  the  silicone 
surface,  particles  were  allowed  to  contact  the  silicone 
surface  only  through  the  open  areas  on  the  mesh.  An  SEH 
micrograph  image  of  a bicactlve  glaaa  coated  sample  surface 
Figure  4-22. 


prepared 


lA 


37"C. 


SEM  macrographs  of  uncoated  silicon  samples 
reacted  in  SBF  for  h)  5 days  and  B)  10  days. 


SEH  micrograph  of  a sample  made  using  a 70  pm 
filtration  mesh  as  a masK.  Note  the  evenly 
spaced  glass  particles  on  the  surface. 


The  majority  of  the  surface  in  Figure  4-22  has  slhgle 
bioactive  glass  particles  evenly  spaced  apart  in  cows.  This 
sample  was  made  using  a very  thin  layer  of  uncured  silicone, 
4is5  BioglassS  (125-53  pm  diameter),  and  a nylon  70  um  woven 
nesh  (thlc)cness  70  pm  and  451  open  area) , A series  of 
combinations  of  uncured  silicone  thicbness,  mesh  site  and 
particle  site  led  to  this  coating  method.  If  too  thin  a 
layer  of  uncured  silicone  was  used,  then  Che  particle  on  the 
surface  would  dissolve  away  into  Che  SBF  during  reaction. 

If  Coo  large  a mesh  size  were  used,  Chen  the  sample  would 
have  small  clusters  of  particles  on  the  surface  and  reaction 
would  be  limited  to  only  Chose  clusters  and  not  the  silicone 
surface  between  the  clusters. 

Initial  bioactivity  testing  included  single  samples 
tested  at  1,  2,  and  3 days  In  SBF  at  37“C.  SEM  images  of 
Che  surface  of  these  "70  Heah"  samples  revealed  HCA  growth 
both  on  the  bioactive  glass  particles  and  the  silicone 
between  them  (shown  in  Figures  4-23,  4-24,  and  4-25).  This 
result  was  observed  if  Che  particles  were  less  than  100  pm 
apart.  When  individual  particles  were  missing  from  the 
pattern,  the  HCA  layer  was  not  present  on  the  silicone 
between  the  particles  (see  Figure  4-23).  When  two  particles 
bordered  an  area  with  a missing  particle,  a bridging  arc  of 
HCA  formation  would  be  observed  (center  of  Figure  4-24). 


SEM  miciograpn  of  a ^0  Mesh  sample  reacted  in 
SBF  for  3 days  at  37’C.  HCA  layer  can  be 


n 


SEH  micrograph  o£  a '70  Mesh  sample  reacted  in 
seP  for  3 days  at  37*C,  HCA  layer  can  be 
seen  between  particles  that  are  <100  pm 

border  of  a open  area  where  a missing 
particle  has  caused  a lack  of  HCA 
precipitation  on  the  silicone  surface. 
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Figure  4-25: 


3 form  between  particles  In  the 


the  border  of  that  area  is  circled  by  an  arc  of  HCA.  Figure 
4*25  shows  a 70  Mesh  sample  that  has  been  reacted  for  1 day 


beginnings  of  KCA  precipitation  between  particles  that  are 
with  in  the  100  pm  range.  This  is  in  starh  contrast  to  the 
HCA  formation  that  has  occurred  on  the  right  side  of  the 
image.  On  the  left  side  there  la  a cluster  of  3 particles 
almost  touching  each  other.  The  close  proximity  of  these  3 
particles  may  be  a contributing  factor  to  difference  between 
the  two  sides.  This  same  trend  can  be  seen  with  the  line  of 
3 particle  in  the  top  center  of  the  image,  these  have  also 
just  stsrted  precipitating  between  them  and  the  particles 
above  them.  FTTH  images  of  the  surface  of  these  reacted 
samples  are  shown  in  Figure  4-26.  At  3 days,  the  surface 
showed  little  HCA  on  the  surface  as  measured  by  the  presence 
of  a pair  of  P-O  crystalline  peaks  at  610  and  574  cm*’. 

This  results  because  <45%  of  the  surface  of  the  sample  is 
covered  by  bioactive  glass  particles.  The  rough  surface  of 
the  particles  and  HCA  growth  areas  scatter  the  light  more  in 
comparison  to  the  smooth  silicone  which  has  more  specular 
reflection  and  allows  more  of  the  silicone  signal  to  reach 
the  detector,  giving  a false  reading  of  more  silicone  than 
HCA.  Uncoated  silicone  showed  greater  ETIR  reflection. 


Wavenumbers  (cm<1) 


FTIR  spectra  of  70  Mesh  samples  reacted  in 
SBF  for  0,  3,  and  10  days  at  37*C. 


Figure  4-26: 


If  a 70  Mesh  sample  is  reacted  for  10  days  in  SBP,  then 
the  pair  of  crystalline  P-0  peaks  become  much  larger  and  the 
Si-O-Sl  (tetragonal)  peak  at  818  cm"'  is  reduced  suggesting 
that  nose  of  the  silicone  is  being  covered  by  HCA. 

To  investigate  the  stages  of  HCA  formation  on  these  70 
Mesh  samples,  1 cm  disks  were  made  and  reacted  in  SBF  for  0, 
1,  3,  7,  12,  and  24  hours  at  37*C.  Elemental  analysis  of 
the  concentrations  of  Ca,  P,  and  Si  in  these  SBF  reaction 
solutions  was  performed  using  ICP  and  plots  are  shown  in 
Figure  4-27,  The  data  represent  the  mean  of  2 sample 
solutions  and  the  error  bars  represent  the  standard 
deviation  of  that  mean.  It  must  be  noted  that  Chase 
solutions  were  the  first  to  be  analyzed  using  ICP  and  the  Ca 
standard  deviations  ware  quite  large.  Refinement  of  the  ICP 
method,  by  increasing  Che  element  time  to  1D08  msec  for  Che 
Ca  measurement  (from  000  msec),  reduced  this  fluctuation  in 
measurement.  However,  there  was  not  enough  solution  left  to 
rerun  these  samples.  The  p level  starts  at  that  of  SBF, 
increases  slightly  through  the  3 hour  time  period  and  then 
decreases  to  a level  much  lower  than  SBF  starting  at  7 
hours.  This  decrease  Is  indicative  of  Che  P being  consumed 
as  pact  of  Che  formation  and  growth  of  HCA  on  the  surface. 
Although  Che  standard  deviations  are  high  for  the  Ca 
measurements,  this  same  trend  can  also  be  observed. 


Plots  of  the  elemental  concentrations  of 
samples  for  1,  3,  1,  12  and  24  hours  at  37“C. 


The  level  of  Si  In  solution. 


8S 

3n  in  Figure  4-27,  starts  at 
reaction  period  to  a final 


4.S  Sanmlas  70/45.  7Q/S2.  7D/S5.  4 70/60 


To  further  investigate  the  reactions  that  occur  between 
1 and  12  hours,  samples  were  made  of  bioactive  glasses  of 
various  compositions  using  the  same  mesh  technique, 
described  above.  The  compositions  and  Ca/P  ratio  of  the 
glass  powders  used  are  show  in  Table  4-1,  These  bioactive 
glass  powders  were  obtained  from  U.S,  Bionaterials  and  had 
the  designations  45sf,  52s,  85s,  and  60s, 


Table  4-1:  Bioactive  glass  compositions. 


70/52,  70/55,  and  70/60,  These  disks  were  reacted  in  both 
Trls  buffer  and  SBF  tor  3,  7,  9,  10,  and  12  hours,  FTIR 
analysis  of  their  surface  revealed  no  significant  changes 


silicone  surfecfij 
surfeces  reveal  that  t 
and  between  the  glass 
the  10/45,  10/52  and  : 
typical  gcowtn  of  HCA 
sample  after  12  hours 
could  be  observed  for 

SBF.  (Jo  HCA  growth  w« 
particles.  Figures  4- 
on  Che  surface  of  70/S 
growth  was  observed  or 
Continuous  growth  was 
apart.  Surrounding  th 


(CA  precipitation  had  occurred  both  on 
particles  after  12  hours  in  SBF  with 
fO/5S  samples.  Figure  4-2B,  shows  the 
around  the  glass  particles  on  a 10/45 
in  SBF.  Continuous  layers  of  HCA 
particles  chat  were  <25  un  apart,  and 
:he  middle.  In 

10/45  sample  after  3 hours  in 
between  the  glass 
•30  and  4-31,  show  the  typical  growth 
>2  samples  after  12  hours  in  SBF,  HCA 
I and  between  the  glass  particles, 
only  seen  when  particles  were  <15  pm 
le  large  particle  in  the  center  of 


Figure  4-30,  different  amounts  of  HCA  growth  are  seen)  where 
particles  are  close  continuous  growth  Is  seen  and  when 
distant  spotty  growth  is  observed.  The  typical  surface  of  a 
70/65  sample  reacted  for  12  hours  is  shown  in  Figure  4-32, 
Sparse  HCA  growth  is  seen  between  the  glass  particles  on  Che 
surface-  A 10/60  sample  after  12  hours  in  SBF  showed  a 
total  lack  of  HCA  formation  and  the  particle  surfaces 
revealed  silica  gel  formation  [Figures  4-33  and  4-34). 


SEN  micrograph  of  a 70/45  sample  reacted  in 
SBF  for  12  hours  at  37*C.  HCA  layer  can  be 
seen  begining  to  form  between  particles. 


4-23; 


5EM  micrograph  of  a 70/43  aample  reacCad  in 
be  seen  between  particles. 


Figure  4-30: 


raph  of  a 70/S2  sanple  reacted  i 
hours  at  37*C.  HCA  growth  can  i 
d between  the  glass  particles. 


SEM  micrograph  of  a 70/32  sample  reacted  in 
SBF  for  12  hours  at  37*C-  HCA  growth  can  be 
seen  on  and  between  the  glass  particles. 
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Figure  4-32:  SEM  micrograph  of  a 70/55  sample  reacted  in 

SBF  for  12  hours  at  37’C.  Sparse  HCA  growth 
can  be  seen  between  the  particles. 
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SEM  micrograph  of  a 70/60  aample  reacted  in 
SBF  for  12  hours  at  3?*C.  The  particles 
reaction  surface  shows  only  silica  gel- 
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SEH  micrograph  of  a 70/60  san^le  reacted  in 
SBF  for  12  hours  at  37“C.  The  silica  gel 
layer  connects  particles  together. 


Figure  4-34; 
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The  square  root  of  the  distance  between  glass  particles 
vs.  Che  esCinaCed  percentage  of  silicone  surface  covered  by 
HCA  growth  after  12  hours  in  SBf  Is  plotted  in  figure  4-39. 
These  data  were  taken  from  the  5EM  micrographs  shown  in 
figures  4-20  through  4-34.  The  distance  was  measured 
between  solitary  particles  whose  size  ranged  between  20  and 
70  un  by  using  a ruler  and  the  size  bar  located  at  Che 
bottom  right  corner  of  the  micrograph.  Estimates  of  the 
percentage  of  HCA  coverage  were  made  by  examining  a 1 mm 
wide  section  centered  on  a line  spanning  Che  distance 
between  particles.  This  section  was  further  divided  into  1 
mm  by  1 mm  squares/  the  number  of  squares  that  had  HCA 

between  the  particles  to  get  a percentage.  This  method  was 
used  due  Co  the  lack  of  contrast  between  the  two  surfaces 


and  it  was  a simple  estimate  of  Che  coverage.  The  maximum 
distance  for  lOOt  HCA  coverage  was  greatest  for  the  70/45 
glass  and  decrease  with  increasing  SIO,  content  in  the  glass 
(l.e,  70/45  > 70/52  > 70/55).  A linear  curve  fit  Is  plotted 
along  with  each  of  these  compositions  and  gave  the  best  r' 


value  (0.959,  0.991,  and  0. 
70/60  had  no  HCA  formation 
or  on  the  silicone  between 


respectively) . Samples  of 
ie  glass  particles  themselves 
at  any  distance.  The  close 


linear  correlation 


formation 
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square  root  of  the  distance  suggests  that  this  reaction  is  a 
diffusion  controlled  process.  The  concentration  of  drug 
release  fron  polymers  systems  follows  a similar  relationship 
with  release  time  and  is  shown  in  Equation  4-1  (Klie9). 

U./P.  - k.  t*-»  (4-1) 

is  a diffusion  constant.  Time  is  proportional  to  Che 
distance  (d)  by  the  velocity  <vl  of  diffusion  and  therefore 
this  equation  is  also  ptoporcional  to  the  distance  by 
Equation  4-2  (Wir97). 


U./p,  * k,  t‘-‘  - k',  (vt)"‘  - k‘.  d»»  (4-2) 

The  diffusion  control  of  the  formation  of  HCA  on 
silicone  between  bioactive  glass  particles  further  supports 
the  theory  that  a zone  of  leached  ions  exists  around  these 
particles.  The  linear  curve  fits  for  all  3 glass 
compositions  have  similar  decreasing  slopes  with  distance 
suggesting  Chat  the  HCA  formation  is  similar  in  each  case 
and  chat  the  concentration  varies  with  distance.  The  only 
difference  is  how  far  apart  the  100*  coverage  extends  for 
each  composition  suggesting  similar  diffusion  coefficients 
with  an  offset  due  to  the  initial  glass  concentration. 


96 


Scruare  roDt  of  distance  between 
particles  (^id  ''  0.5) 


rigute  4-35;  Plot  of  the  square  coot  of  the  distance 

between  particles  (pm  '’']  vs.  the  estimated 
pereentaqe  of  HCA  formation  on  the  silicone 
between  particles  after  12  hours  in  SBP. 
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concentration 
soXutiona  as  n 
represent  the 


P,  and  Si  (respectively)  in  SBF 
by  ICP.  Data  points  on  each  graph 
3 reaction  solutions  (each  with  3 


measurements)  for  70/45,  70/52,  70/55,  70/60  samples  and 
uncoated  silicone  disks.  The  standard  deviation  of  these 
means  are  represented  as  error  bars  on  each  data  point.  The 
lines  connecting  the  points  are  drawn  for  clarification 
only.  For  the  70/45,  70/52,  and  70/55  samples  the  Ca  and  P 
graphs  have  the  same  trend  of  an  increase  followed  by  a 
decrease  in  concentration  as  seen  with  the  70  Mesh  samples 
in  the  previous  section.  The  decrease  is  attributed  Co  the 
precipitation  and  growth  of  HCA  on  the  surface.  Solutions 
from  70/6C  samples  had  only  small  increases  in  the  Ca  and  P 
levels  but,  no  decrease  after  12  hours  reaction.  The  levels 
of  Ca  detected  in  solution  increase  in  the  same  order  as  the 
amount  of  CaO  present  in  the  original  glass  composition 
(l.e.  45  > 52  > 55  > 60).  This  trend  is  not  seen  with  the  P 
levels  since  the  amount  of  PjOj  in  each  glass  congsosition  is 
the  same.  The  levels  of  Si  detected  in  solution  increase 
inversely  with  the  aroount  of  SiO,  in  each  glass  composition. 
Glasses  with  more  510:,  have  less  Na;0  and  CaO  and  are 
therefore  more  resistant  to  corrosion  (AdaB4  and  Gre95) . No 
elemental  change  was  observed  with  Che  uncoaced  silicone. 


Plot  of  th«  elomentdl 
calcium  in  solutions  c 
•?0/45.  70/52,  70/55,  "I 


lilll 


Plot  of  the  elenentel  concentration  of 
phosphorus  in  solutions  of  SBF  reacted  with 

silicone  disks  for  0,  3,  7,  9,  10  and  12 
hours  at  3TC. 


lisi 


Figure  «-38;  Plot  of  the  elemental  concentration  of 

10/45,  10/62.  70/55,  70/60  and  uncoated 
silicone  disks  tor  0,  3,  7,  9,  10,  and  12 
hours  at  37»C. 
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In  order  to  determine  the  effects  of  common  ions  such 
as  Ca  and  Pr  on  the  leaching  of  these  same  glass 
compositions  samples  disks  were  also  reacted  in  a Trls 
buffer  devoid  of  Ca  and  P for  the  same  time  periods  as 
above.  Figures  4-39,  4-40  and  4-41  plot  the  elemental 
concentrations  of  Ca,  P and  Si  (respectively]  in  Tris 
solutions  as  measured  by  ICP.  Data  points  and  error  bars  on 
each  graph  again  represent  the  mean  and  standard  deviation 
of  3 reaction  solutions  (each  with  3 measurements)  for 
samples  of  70/45,  70/52,  70/55  and  70/60.  Samples  of  70/45, 
70/52  and  70/55  all  showed  an  increase  in  the  amounts  of  Ca 
and  P in  solution  with  reaction  time.  In  contrast,  samples 
of  70/60  showed  no  increase  in  the  Ca  level  and  only  s very 
small  increase  in  the  P level.  The  Ca  level  increases  for 
70/52  and  70/55  are  in  close  agreement,  increasing  to  ca.  6 
ppm.  Samples  of  70/45  disks  showed  a larger  increase  in  the 
Ca  level  (ca.  17  ppm).  The  increase  in  P levels  for  70/45, 
70/52  and  70/55  showed  a very  similar  trend  but,  despite  Che 
tact  that  all  4 glass  compositions  had  the  same  amount  of  P; 
samples  from  the  70/60  disks  showed  a much  lower  increase 
(>0.5  ppm) . The  trend  observed  with  the  Si  levels  in  SBF 
was  seen  in  the  plot  of  the  Si  concentration  in  the  Tris. 

The  levels  of  Si  detected  in  solution  increased  inversely  to 
the  amount  of  SiOj  present  in  each  glass  composition. 


Plot  of  the  elemental  concentration  of 
calcium  in  aolutiona  of  Trie  reacted  with 
■>0/45,  10/52,  70/55  and  70/60  for  0.  3,  7,  9, 
10  and  12  hours  at  37*C. 


figure  4-40: 


Plot  of  the  elemental  co 
phoephorua  in  aolutiona 
10/46.  70/52,  70/55  and 
10  and  12  hours  at  37”C. 


of  Trla  reacted  with 
70/60  for  0,  3,  7,  9, 
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area  and  average  pore  aire  with  reaction  time  in  Tria  buffer 
for  powders  of  these  same  glass  compositions  and  found  that 
60s  glass  had  little  change  in  both  after  7 days  (Gre95). 

The  authors  described  the  bioactlvity  of  these  glass 
compositions  as:  bonding  to  bone  and  soft  tissue  with  4Ss 
and  52s)  bonding  to  bone  only  with  55a;  end  no  bonding  with 
60s.  The  study  concluded  that  the  large  increase  in  surface 
area  observed  with  both  SSs  and  S2s  was  responsible  for  the 
rapid  HCA  formation  (20  hours)  and  bonding  to  both  tissues; 
whlle  the  moderate  surface  area  increase  seen  with  33s 
induced  slow  HCA  formation  (3  days)  and  only  bone  bonding; 
the  small  Increase  in  surface  area  of  60s  glass  was  not 
sufficient  to  induce  HCA  precipitation  even  after  20  days  in 
Tris  (Gre35) , This  increase  resistance  to  glass  corrosion 
observed  with  the  60s  glass  may  be  the  reason  for  the  lack 
of  P found  in  the  Tris  solutions,  the  absence  of  HCA 
formation  on  either  the  glass  ot  silicone  surfaces,  and  the 
presence  of  only  a silica  gel  layer  on  the  reacted  glass 
surface  after  12  hours  reaction  (Figures  4-33  and  4-34). 
Studies  have  shown  that  silica  gel  surfaces  can  induce  the 
formation  of  HCA  after  2 weeks  reaction  in  SBF  at  37*C  or 
when  implanted  in  the  femurs  ot  goats  for  12  weeks  (LiP92a, 
d LiP93a). 


llP92b,  LiP93, 
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The  presence  of  a high  surface  area  silica  gel  layer  on 
the  surface  can  induce  HCA  precipitation  but.  the  presence 
of  P in  the  glass  influences  the  rate  of  HCA  foriDation.  The 
role  of  P,  in  a glass  matrix,  on  the  rate  of  HCA 
precipitation  was  studied  by  Ohtsuki  et  al.  (0ht92) . These 
authors  found  that  a 50/50  CaO-SlOj  glass  would  induce  HCA 
to  form  in  3 days  when  reacted  in  SBF.  in  contrast  the 
addition  of  5 mole!  PjO^  to  this  glass  shorten  this  time  to 
<12  hours  in  SBF  (0ht92).  Both  a 50/50  CaO-PjOi  glass  and  a 
50/5/45  CaO-SiOj-PjOj  glass  showed  no  HCA  formation  even 
after  7 days  reaction  in  SBF.  All  4 of  the  glass 
compositions  were  reacted  in  SBF,  a solution  that  is 
saturated  with  respect  to  hydroxyapatite  (KokSOa).  ICP 
analysis  by  these  authors  showed  that  the  reaction  solutions 
showed  a decrease  in  overall  p level  at  the  same  time  at  the 
precipitation  of  HCA  on  the  glass  surface,  solutions  that 
did  not  induce  HCA  formation  observed  a steady  increase  in 
the  P level  through  the  duration  of  their  reaction  (Oht92). 
The  formation  of  a silica  gel  layer  on  the  glass  surface 
Induces  HCA  formation,  hut  a localised  increase  in  the  P and 
Ca  level  catalyses  this  formation. 

A one-way  analysis  of  variance  (ANOVA)  statistical 
comparison  of  the  ICP  data  from  both  the  SBF  and  Trie 
solutions  wss  performed  using  inSCat*  (version  2.03, 
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GraphPad  Software,  San  Diego,  CA) . Comparisons  were  made 
between  the  4 glass  compositions  for  each  time  period, 
element  (Ca,  P and  si]  and  solution.  The  results  are 
presented  In  Table  A-2.  In  addition,  a multiple  pair-wise 
post  test  using  a student's  t test  was  performed  to  compare 
each  of  the  compositions,  if  the  P value  was  >0.05. 


Variation  among  the  compositions  was  significantly 
greater  than  expected  by  chance  (P  < 0,05]  for  all  the  time 
periods  with  the  Ca  and  Si  levels.  The  trends  and 
differences  observed  with  these  2 elements  are  statistically 
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aignificant  throughout  the  reaction  period  studied.  The 
variation  among  the  cocnpoaitiona  for  the  F levels  is 
somewhat  more  complex,  all  the  glasses  have  the  same  amount 
of  P in  then  and  should  not  be  different.  For  the  SBF 
solutions,  statistically  significant  differences  were 
observed  with  later  reaction  periods  {i.e.  after  9 hours). 
Review  of  the  multiple  pair-wise  comparison  shows  that  the 
differences  observed  after  9 hours  are  found  between  the 
70/45  disks  and  the  other  sample  dis)cs,  these  differences 
are  therefore  due  to  the  reduction  in  the  P level  caused  by 
the  formation  and  growth  of  the  continuous  HCA  layer  on  the 
70/45  disks.  For  the  Tris  solutions,  the  opposite  is  true, 
significant  differences  are  seen  at  early  reaction  periods 
and  not  after  9 hours.  The  pair-wise  post  test  revealed 
that  the  differences  are  observed  between  the  70/50  disks 
and  the  other  samples.  Early  leaching  of  thia  corrosion 
resistant  glass  conposition  had  very  snail  P levels  that 
were  near  the  detection  Unit  of  p for  ICP  (0.2  ppm).  The 
lack  of  resolution  at  these  low  levels  could  be  responsible 
for  the  differences  observed. 

A statistical  conparison  of  the  increase  in  Ca,  P and 
Si  levels  in  SBF  (above  SBF  base-line)  and  Tris  was 
perforned  pair-wise  for  each  element,  time  period  and  glasa 
compoaition  using  a Welch  unpaired  approximate  t test. 


There  wea  no  atatlatically  slgniflcanC  difference  found 
between  the  increase  in  SBf  and  Tris  for  elemental  P or  Si 
(average  P • 0.3677  and  0.2334),  A Statistically 
significant  difference  was  not  observed  between  the  increase 
in  Ca  levels  of  SBF  vs.  Tris  solutions  (average  P ■ 0.0644). 
Therefore  common  ions  had  little  or  no  effect  on  the  amount 
of  Ca  and  p leached  from  the  glass  into  the  surrounding 
solution.  These  results  are  included  in  Appendix  A. 


Recently,  U.S.  Slomaterials  Corp.,  started 
manufacturing  BioglasstP  powder  in  a sise  range  that  had 
never  before  been  made.  This  very  fine  sise  powder  was  made 
by  using  a "Jet  mill",  a milling  machine  that  uses  very  high 
pressure  Argon  gas  to  create  a vortex  inside  a stainless 
steel  container.  Glass  powder  is  introduced  into  this 
vortex  and  centrifugal  forces  cause  the  larger  particles  to 

smallest  particles  are  allowed  to  reside  in  Che  center  and 
exit  the  container.  Particle-particle  collisions  at  the 
outer  edge  of  the  vortex  cause  the  glass  particles  to  brea)t 
apart.  Once  small  enough,  these  particles  exit  through  the 
center  of  the  vortex.  Site  is  controlled  by  the  pressure  of 
the  gas  creating  the  vortex  and  the  number  of  times  a powder 


is  passed  throuqh  the  vortex.  The  Bioglassft  particle 

site  ranges  obtained  from  U.5.  Blomaterials  were:  <20  pn,  <6 
pm  and  <2  pm.  Powders  were  spread  on  sheets  of  silicone 
chat  were  coated  with  a thin  layer  of  oncured  silicone  ("f" 
samples)  and  uncoaced  silicone  sheets  CN'’  samples) . 
Preliminary  tests  had  suggested  that  the  uncured  silicone 
night  not  be  necessary  for  these  fine  sited  particles.  This 
was  not  the  case.  Disks  made  by  coating  with  fine  glass 
particles  only  and  no  uncured  silicone  showed  a total 
dissolution  of  the  particles  and  a haziness  after  24  hours 
reaction  in  SBF  but,  FTIR  analysis  revealed  no  HCA  on  the 
surface  of  the  dis)cs.  It  is  still  unclear  what  reactions 
toolc  place  on  the  surface  to  produce  the  hazy  appearance 
observed.  0is)(s  made  with  the  thin  layer  of  uncured 
silicone  did  produce  a HCA  coating  on  their  surface  and 
showed  little  dissolution  of  their  particles  (Figure  4-42). 
Figures  4-43,  4-44,  and  4-45  show  the  reaction  surface  of 
dis)c  of  <20,  <B  and  <2  pm  particles  reacted  for  24  hours  in 
SBF.  Shown  are  disk  with  the  silicone  layer  (T),  disks 
without  (N),  and  uncoated  disks.  Disks  with  the  thin 
silicone  layer  show  the  formation  of  an  HCA  layer  on  their 
surface,  represented  as  the  P-0  peske  at  600  cm~’,  Disks 
without  the  silicone  layer  and  the  uncoated  disks  do  not. 


Photograph  of  N<20  dials  and  y<20  disk  reacted 
in  SBF  for  24  hours  at  37*C.  With  Che  uncured 
silicone  Y sample  the  parCiclea  remain  and 
without  Che  parciclea  are  dissolved  into 
solution. 
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Wavenumbers  (cnv1) 


Figure  4-«3:  FTIR  spectrum  of  disk  with  the  silicone  layer 

y<20,  uncoated  silicone,  and  without  the 
silicone  layer  N<20  reacted  in  5BF  for  24 


Wavenumber  (om-1) 


Figure  4-45:  FTIB  spectrum  oJ  disk  with  the  allicone  layer 

y<2,  uncoated  silicone,  and  without  the 
silicone  layer  N<2  reacted  in  SBF  for  24 


Figures  4-46.  4-47  and  4-48  plot  the  elemental 
concentrations  of  Ca.  p and  Si  (respectively)  in  SBF 
reaction  solutions  as  measured  by  ICP.  Data  points  on  each 
graph  represent  the  mean  of  3 reaction  solutions  (each  with 
3 measurements).  These  graphs  show  that  the  Y samples  (with 
the  thin  layer  of  silicone)  have  much  higher  Ca  and  Si 
levels  than  the  H samples  (without  silicone  layer).  This 
result  suggests  that  the  Y samples  may  have  more  glass 
powder  than  the  N samples  and  careful  examination  of  the 
unreacted  samples  under  light  microscopy  revealed  that  in 
fact  the  y samples  did  have  bi-layers  and  sometimes  tri- 
layers of  powder  on  the  surface  covering  the  thin  silicone 
layer.  Only  a mono-layer  of  glass  powder  was  observed  on 
the  N samples.  Comparing  the  Y samples  together  shows  close 
agreement  and  the  same  is  true  when  the  N samples  are 
compared  together.  The  formation  of  HCA  on  the  Y sample 
surfaces  can  be  related  to  the  increase  followed  by  decrease 
in  both  the  Ca  and  P levels.  Again  the  P levels  drop  to  a 
level  well  below  the  original  SBF  level,  suggesting  that  P 
is  being  used  from  the  S8F  to  grow  the  HCA  layer  on  the 
surface.  No  significant  difference  was  measured  between  the 
different  siaes  of  glass  particles  with  respect  to  the 
levels  of  elemental  Ca,  P or  Si  in  solution.  This  may  be 
due  the  presence  of  eimiler  slae  particles  in  all  3 samples. 


Plot  of  the  elenentel  concentration  of 
calcium  in  aolutions  of  SBr  reacted  for  0,  1, 


(hours) 


Plot  of  the  elemental  concentration  of 
phosphorus  In  eolutlons  of  SBP  reacted  for 


{hours) 


Plot  of  the  eleniencal  concentration  of 
silicon  in  solutions  of  SBF  reacted  for  0, 
3,  7,  12  and  24  hours  at  37“C. 
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Throughout  these  experiments  the  pH  of  each  solution 
was  measured  at  37*C  after  being  reacted  with  the  sample. 
Measurements  were  made  at  37°C  due  to  an  observation  that 
the  increase  in  pH  between  room  temperature  {ca.  25°C)  and 

In  no  case  during  this  study  did  the  pH  of  SBT  or  Tris 
buffer  reacted  with  these  samples  increase  more  than  the 
error  of  the  pH  probe  (±  0.05).  This  result  is  in  contrast 
to  the  results  obtained  by  other  researchers  studying 
Bloglaas9  monolith  samples  in  vitro  iHen71,  OgiSO,  Oht02. 
Kok92,  Hen93a,  Mei95  and  Dea96l , In  all  these  other  cases 
the  ion  exchange  occurring  at  the  glass  surface  was 
identified  as  the  cause  of  the  increase  in  solution  pH. 

This  ion  exchange  has  been  shewn  to  produced  silica-rich 
leach  layers  at  the  glass  surface  reported  to  be  as  thie)c  as 
53  pm  (Hei9S) . This  reaction  layer  has  been  shown  to  become 
as  thick  as  300  pm  in  vivo  (Hil93a).  A gel  layer  that  thick 
would  be  greater  than  the  total  size  of  the  particles  on  the 
surface  of  our  samples.  Therefore,  the  lack  of  a pH 
increase  in  our  studies  is  due  to  2 related  reesons:  1)  the 
amount  of  buffer  aolution  used  is  too  large  to  observe  a 
ohange  in  pH  due  to  small  amounts  of  ions  being  leached  from 
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the  particles  and  2}  the  itajority  of  ions  leached  from 
Bolutian  are  used  in  the  formation  and  growth  of  the  HCA 
layer  on  the  surface  of  these  aaoiples.  The  later  reason  is 
also  supported  by  the  reduction  in  the  solution  ion 


9 Dio  Coating  of  Catheters 


Severai  combinations  of  soak  time  and  silicone/hexane 
concentration  were  tested  to  produce  the  coated  layer  shewn 
in  Figure  4-49-  Too  much  time  or  too  high  a concentration 
of  aiiicone  in  the  dipping  solution  resulted  in  a coated 
catheter  with  no  bioaetive  glass  exposed  to  the  surface. 

Too  little  time  or  too  low  a concentration  of  silicone  would 
result  in  an  exposed  glass  coating  that  could  easily  be 
removed  by  gentle  tubbing.  Before  coating  excess  solution 
was  allowed  to  drip  off  the  sample  and  the  hexane  was 
allowed  to  evaporate. 

The  resulting  surface  has  bioaetive  glass  particles 
imbedded  in  the  final  cured  silicone  surface.  These  glass 
particles  can  only  be  removed  by  scraping  with  a sharp 
blade,  they  will  not  rub  off.  The  catheter  material  is 
still  flexible,  can  be  bent  without  particles  flaking  off 
and  remains  flexible  even  after  3 days  in  SBF  at  37“C. 
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SEH  micrograph  of  Cha  croaa-aeccion  of  a 
broken  catheter  piece  that  haa  been  coated 
with  bloactive  gXaaa  powder  using  a dip 
coating  technique  with  25%  silicone/hexane. 


CHAPTER  5 

CONCLUSION  AND  FUTURE  WORK 


This  study  has  shown  that  the  formation  of 
hydroxycarbonate  apatitie  (HCA)  on  the  subatrate  surface 
between  bioactive  glass  particles  is  a function  of  the 
particle  size,  composition  and  the  distance  between 
particles.  The  formation  follows  a diffusion  controlled 
process  with  the  rate  proportional  to  Che  square  root  of  the 
distance  (d°'’>  between  particles.  The  composition  of  the 
glass  determines  the  off-set  of  this  relationship.  This 
conclusion  can  explain  why  composites  made  of  only  10  to  20% 
bioactive  glass  show  formation  of  HCA  on  the  glass  particles 
and  not  between  them  (NanOO).  SCM  micrographs  revealed  that 
Che  particles  on  these  composites  were  indeed  too  far  apart 
to  form  HCA  between  them. 

In  all  cases  the  concentrations  of  Ca  and  P in  solution 
decreased  with  the  HCA  formation  on  the  surface.  This 
represented  a consumption  of  these  ion  for  the  formation  and 
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growth  of  the  apatite  layer.  Thia  fact,  coupled  with  the 
observation  described  above  suggests  a new  theory  that  the 
formation  of  HCA  on  the  surface  was  the  result  of  a zone  of 
leached  ions  present  surrounding  the  glass  particles.  The 
concentration  of  this  zone  is  dependant  on  the  distance  from 
the  particles,  and  once  a critical  concentration  is  reached, 
formation  of  HCA  occurs.  The  formation  occurs  first  as  an 
amorphous  apatite  layer  and  ia  converted  into  a crystalline 
HCA  layer.  This  trend  is  similar  to  that  observed  for  the 
formation  of  hydroxyapatite  from  saturated,  moderately 
supersaturated  and  electrolyte  solutions  <Bre72,  ree79,  and 
Bro91a) . 

This  study  was  unable  to  observe  a common  ion  effect  on 
the  total  leached  ions  in  solution.  This  may  have  been  due 
to  the  localized  nature  of  the  formation  of  HCA  on  the 
surface  and  the  limited  effect  that  this  formation  had  on 
the  bulk  solution.  The  limited  effect  was  also  observed  in 
a lack  of  increase  in  the  overall  solution  pH  over  the 
duration  of  this  study. 

This  study  has  also  shown  that  composites  made  of 
bioactlve  glass  and  silicons  must  have  the  glass  exposed  at 
the  surface  to  be  bioactive.  This  result  is  in  contrast 
with  a patent  that  describes  a bulk  mixed  hydroxyapatite  and 
silicone  composite  with 


excellent  tissue  adhesion  <Pre96), 
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First,  the  effect  of  bioactive  glass  coatings  on 
perltoneai  catheters  needs  to  be  examined  in  vivo.  Long- 
term animai  studies  in  either  sheep  or  dogs  seems  to  be  the 
accepted  model  for  this  type  of  study.  Special  attention 
during  implantation  should  be  focused  oc  the  tightness  of 
the  seal  at  the  exit-site,  the  rate  of  infection  at  the 
exit-site,  and  any  extrusion  of  the  catheter.  Histological 
analysis  after  completion  of  the  study  would  play  a bey  role 
in  determining  the  amount  of  epidermal  dovngrouth  exhibited. 
Catheters  both  with  and  without  Dacron  cuffs  still  attached 
should  be  included  in  these  experiments.  The  cuff  may  still 
be  need  to  anchor  the  catheter  in  place  for  long-term 
stability. 

Second,  if  thia  type  of  coating  is  successful  then  it 
need  not  be  limited  to  peritoneal  catheters.  Hemodialysis 
catheters  and  other  percutaneous  access  devices  could  make 
use  of  it.  Power  conduits  for  other  implants  may  also 
benefit  from  a coating  like  this.  In  addition,  drug 
delivery  depots  made  of  silicone  implants  could  have 
improved  release  profiles.  Currently,  these  devices  form  a 
fibrous  capsule  around  them,  This  capsule  is  not  well 


vascularized  and  a barrier  to  drug  release.  Inplants  that 
nave  direct  soft  tissue  adhesion  may  not  have  this  barrier 
to  release  and  may  improve  the  release  profiles  of  the  drug. 
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the  immune  system  ere  of  great  Interest.  It  was  noted  that 
POMS  elastomer  slouly  becomes  hydrophilic  when  exposed  to 
saline  for  long  tines,  and  the  following  study  examines  this 

Sections  of  Pms  medical  grade  SILASTIC*  sheeting 
{0.020"  thickness}  were  cleaned  in  a sonicating  bath  of 
ultrapure  water  {NANOpure*  system)  for  30  minutes,  rinsed 
twice  and  allowed  to  air  dry.  These  samples  were  then 
extracted  in  toluene  for  48  hours  using  a Soxhlet  extractor 
to  remove  any  low  molar  maaa  ailicone. 

Samples  were  then  placed  in  a 0.9t  saline  solution  at 
temperatures  of  60",  00",  80",  and  100"C.  A Pyrex®  brand 
organic  reaction  vessel  with  a modified  stir  bar  was  used. 
Reactions  were  started  with  one  PDHS  sample  and  additional 
samples  were  added  at  subsequent  times  to  make  1,  5,  10, 

20,  and  45  hour  treatment  samples.  After  45  hours  all 
aamplea  were  removed  and  rinsed  twice  with  ultrapure  water 
and  allowed  to  sec  in  a ultrapure  water  rinse  bath  for  one 
hour.  Samples  were  then  analyzed  using  contact  angle 
goniometer  and  X-ray  photoelactron  spectroscopy  (XPS). 

Prosil®221  ( O-aminopropylcrimethxysilans)  was  ueed 
to  derivatize  samples  for  analysis  by  XPS.  XPS 
derlvatization  is  an  indirect  measurement  of  the  silanol 
concentration  on  the  PUBS  surface  but  la  needed,  since  an 
oxygen  atom  bonded  to  a silicon  atom  would  appear  the  same 
weather  In  the  backbone  or  in  a allanol  configuration.  As 
well,  the  vacuum  needed  for  XPS  could  cause  the  silanol  to 
reform  into  the  backbone  again.  After  treating  aamplea  In 
saline  solution  and  rinsing  with  ultrapure  water,  they 
were  place  in  a 51  solution  of  Prosil  in  ethyl  alcohol  and 
allowed  to  mix  for  10  minutes.  Samples  were  then  rinsed 
with  ethyl  alcohol  and  cured  in  a desiccator  for  24  hours  a 
room  temperature.  High  resolution  XPS  scans  for  CIS,  OIS, 
S12P  and  HIS  were  made  of  Che  samples.  The  atomic 
concentration  of  nitrogen  is  assumed  to  be  related  to  the 
concentration  of  silanol  groups  present  on  the  PENS  surface, 

Pour  control  experiments  were  preformed  Co  determine 
the  effect  of  the  reaction  vessel  on  the  changes  of  PDMS 
samples.  The  first  control  used  a Pyrex*  brand  organic 
reaction  vessel  with  the  PDMS  sample  folded  over  and  held  by 
clamp  rings.  Saline  solution  was  injected  between  the  folds 
of  PDMS  and  this  setup  was  placed  in  the  reaction  vessel,. 
The  second  control  used  a poly (methylpentene)  l.e.  PMP 
volumetric  flask,  the  third  used  the  PMP  flask  and  10 
grams  of  PMP  fragments  In  the  flesk,  and  Che  forth  used  the 
PMP  flask  and  10  grams  of  glass  fragments  in  the  flask. 
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shell  materials. 

The  gel  flow  rheology  has  been  characterized  by  a 
method;  GFl  Analysis.  Viscosity  and  flow  properties  of 
gel  can  be  reliably  measured  by  this  technique. 

Soluble  fractions  increase  with  implant  time,  and 
control  values  were  found  to  be  twice  Chose  reported 
previously  by  Ficha  and  Goldstein.' 

The  overall  protocol,  as  demonstrated  by  initial  c 
data,  appears  sound  for  characterization  of  silicone  gel 
mammacy  prostheses  implants  and  explants. 
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